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ABSTRACT

The factors which influence selective transport are reviewed. In available
membranes, selectivity is controlled primarily by concentration effects rather
than by mobilities. The fluxes of electric current and matter through mem-
branes are analyzed in terms of the thermodynamics of irreversible processes.
The effects of a selective membrane on the operation of a silver/zinc battery
are discussed. The charge-selective character of the membrane causes sharp
changes in electrolyte concentration when current flows through the boundary
between membrane and electrolyte. This introduces both a high resistance
film and a concentration potential; both of these operate to reduce the power

output of the cell.

In many kinds of batteries, separation of the com-
ponents is maintained by virtue of the fact that the
electrodes and the electrode reaction products are in-
soluble solids, while the electrolyte is a liquid phase.
When the physical and/or mechanical properties of
the electrode structures are inadequate, improved op-
eration is obtainable if separators are introduced.
These are usually porous materials which act as me-
chanical barriers. The use of barriers opens up pos-
sibilities for low grade structural substances or even
liquid/liquid/liquid batteries, as long as the individual
components are not mutually soluble. If the separator
is an ion exchange material, we can even think in
terms of electrode reactions which may produce solu-
ble products. Three distinet types of separators are
illustrated in Fig. 1. The first type of separator, a po-
rous substance, functions solely as a mechanical
barrier which holds back solid small particles. With
proper design of pore size and control of surface ten-
sion through the addition of wet-proofing agents, such
separators may also be used to maintain a boundary
between a liquid and a gas. Fluids in the broad sense,
including gases, may be most readily separated by
continuous structures in which one or more of the bat-
tery components may be soluble. This is illustrated in
part b of Fig. 1. Ion selective substances are a spe-
cialization of this type of barrier; they reject solutes
primarily on the basis of the charge on each solute
particle rather than because of its size or miscibility.

A variety of potentially useful ion exchange mate-
rials are available. Many have been developed for
purposes other than battery separators, and often their
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Fig. 1. Types of battery separators

resistivities appear to be intolerably high. However,
one or two types have been manufactured as separa-
tors for use in batteries, and the others are potentially
useful for this purpose as the resistance normal to the
direction of the sheet is a strong function of the sheet
thickness while the selectivity is not. Results of a re-
cent survey of membrane properties are summarized
in Table I.

Causes of Selectivity in Ion Exchange Membranes

A current of particles may be expressed as a mo-
bility times a concentration times a force. Selective
transport will occur if either the mobility or the con-
centration in a particular region that the current must
pass through is very small. Selectivity in the usual
kind of ion exchange membrane depends on the re-
duction of concentration of some species within the
membrane; not too much is known about the effects of
membrane on mobility.

The usual type of ion exchange membrane in which
the selectivity is controlled by the exclusion of an ion
of one sign, consists of an insoluble resin containing
fixed ionic groups of the same charge as the excluded
ion. The interior of the membrane may be regarded
as a second phase and according to the Donnan prin-
ciple the chemical potential of the salt in the solution
external to the membrane must be equal to the chemi-
cal potential of the salt inside the membrane at equi-
librium. This statement and its consequences are sum-
marized in Eq. [1] to [4].

RTIng%s = 0AP + RT In a2+ [1]
72..CxCj = 72+ (Ce + a)a
{j and r have same sign} [2]
Gy =% (\/C% + 4C% — Cy) 3]
C; = C%/C; {dilute soln.} [4]

AP is the difference in internal pressure between the
two phases, sometimes called the swelling pressure

of the membrane, v is the partial molar volume of
any of the mobile species in the system, and a is its
activity coefficient. The bar over the a is used to in-
dicate activity within the membrane phase. This equa-
tion must hold for each and every component that is
distributed between the two phases. Since both the
solution and the membrane must be electrically neu-
tral, and since the ion exchange material can be made
to contain a very large concentration of ions of one
sign, the concentration of mobile co-ion in the mem-
brane will be smaller than it is in the solution out-
side. For example, suppose that j and k represent ions
of opposite sign and r represents a monovalent fixed
ion in the membrane. We will imagine that this ion has
the same sign as j. Within the membrane electrical
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Table I. Properties of commercial ion exchange membranes
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Electrochemical

Mechanical

Permeable
to

Manufacturer and type

Area resistance,
ohm-cm?2

Selectivity

Nominal thick-

ness, mils, wet Strength, wet

Remarks

AMF Voltage ratio
1000 ~ 0.6N KC1 0.5/1.0N KCl1
Homogeneous, polyethylene
base
C-63 C 52 0805
C-103 C T*x2 093 *+2
A-63 A 6+2 0824
A-103 A 9+3 0.92 =3
Fluorocarbon base
C-310 C 45+ 2 0.86 5
C-313 C 452 085 x5
Asahi Chem. Ind. 1000 ~ 0.5N NaCl Permselectivity
0.25/0.5N NaCl
Homogeneous, styrene-DVB
base
CK-1 C 1.4 0.85
DK-1 C 1.8
CA-1 A 2.1 0.92
DA-1 A 35
Asahi Glasst 1000 ~ 0.6N KC1 Voltage ratio
0.5/1.0N KCl1
Reinforced
DMT C 1.3 0.62
AMT A 3.0 0.72
Ionac Chemical Company a.c. Corrected volt.
Fabric reinforced ratio
0.5/1.0N NaCl
MC3142 C 10 0.94
MC3235 C 11 0.95
MA3148 A 20 0.90
MA3236 A 20 0.93
Ionics 1000 ~ 0.6N KC1 Voltage ratio
0.5/1.0N KCl1
Fabric reinforced
~ C 11 0.65
AR-111A A 11 0.57
Permutit Co. Ltd. (a,c.) 1.0N NaCl Permselectivity
Fabric reinforced 0.1/1.0N NaCl
C-20 C 12 0.90
A-20 A 9 0.82
Tokuyama Soda Co. 1000 ~ 0.5N NaCl Permselectivity
0.5N NaCl
Fabric reinforced
~ C 6-8 0.97
CL-2.5T C 2.7-3.2 0.97
CH-4 C 2.3-2.7 0.95
AV-3 A 3-4 0.95
AV-3T A 2.5-3 0.92
AVS-3T A 4-5 0.95
Toyo Soda Mfg. Co. Permselectivity
0.5/2.5N NaCl
Fabric reinforced
-100 C 2-4 84
A-100 A 3-5 74

Mullen burst, psi

12 455
8.5 605
12 45 =5
8.8 55*5
11 110 = 20
6 55*+5
Tensile kg/mn?
2-2.4
9 1.9-2.3
Mullen burst, psi
4.2 134
71
6
12 N.A
ki
12
Mullen burst, psi
23 115
24 125
High

Burst, kg/cm?

Nmoen®
o tetow

h o
)

Tough, flexible, rewet-
table

Delicate, rewettable

Cracks on drying

Strong, rewettable

Cracks on drying

Strong, rewettable

Strong, reversibility on
drying not known

Strong, reversibility on
drying not known

1 Courtesy Dr. R. N, Smith, Section Manager, Membranes and Electrodialysis, American Machine & Foundry Co., Springdale, Connecticut.

neutrality requires that Cx=C:+Cj;. In the absence
of large pressure differences between the exterior and
the interior phases, application of the Donnan prin-
ciple leads to the results given by Eq. [3], or for very
dilute external solutions, Eq. [4]. Typical resin manu-
facturing techniques produce materials in which C:
is the order of 5M and Table II shows several values
of expected co-ion concentration within such resins as
a function of the external solution concentration. It
is apparent that resins which are quite selective in di-
lute solutions may show greatly reduced selectivity
in very concentrated solutions.

Table 11. Yalues of co-ion concentration?

Conc. in ext.

soln. (m/kg) 5 3 2 1 05 03 02 0.1 0.01

Conc. of mo-
bile co-ion in
resin (m/kg)

3.09 1.36 0.70 0.19 0.05 0.018 8 x 10-3 2x 10-3 2 X 105

Effective fixed ion concentration in resin phase: 5 m/kg HzO

1 Values tabulated for moderate external solution concentrations
are in rough agreement with observations on actual ion exchange
resin system (see for example Gregor and Gottlieb (1)).

Quantitative Description of the Performance
of Ion Exchange Membrane Separators

To assess the effect of an ion exchange membrane
on battery performance, we have to consider what
happens when a current flows through the membrane.
When this occurs, several coupled processes occur si-
multaneously. It is helpful to make use of the theory of
irreversible thermodynamics in examining the inter-
dependence of the various interacting forces and flows.
This provides convenient definitions of certain quan-
tities that are important in transport theory and makes
the relationships between them plain. The simplest
electrolyte solution imaginable consists of one salt dis-
solved in a pure solvent. Equation [5] is suitable for
the description of this system (2). Note that a min-
imum of four equations is needed even for this simple
system.

J1 = —[1uVre*1 — [12Vre*s — [13Vre*s — L1,V In T
Jo = —[1oVTe*1 — L22Vru*s — LoVru*s — LoV In T
J3 = —[13Vru*1 — LasVru*s — L3sVre*s — L34V In T

Q = —[1aV1r*s — [2aVTe*s — [3aVru*s — LaaV In T
[51]

I

The J’s are currents of the two ions and the solvent,
while @ represents the flow of heat. The coefficients
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[ij are phenomenological coefficients and the symbol
Vre* is meant to represent the gradient of the total
chemical potentiall taken at constant temperature. It is
obvious that setting any of the driving forces Vru*
or V In T equal to zero in the equations above does not
guarantee that the corresponding current J; or @ will
vanish. In particular, the last line of Eq. [5] suggests
that it may be almost impossible to perform an iso-
thermal experiment. However, work by Ikeda (4) and
Shaffer (5) has shown that thermal effects due to the
flow of current in an ion exchange membrane are
small. In addition, in the analysis of most systems
which contain electrical potentials large enough to be
of practical interest, some of the other terms that arise
as a result of the formalism above are small enough to
be dropped. For example, suppose we are dealing with
a system in which only gradients of electrical poten-
tial, pressure, and concentration need be considered;
then,

M o
Vru* =2FV — VP 4 —vC
TH ¢+ 53 + 2C

C~a, 9u/3C ~ RT 3dlnC/aC
~ RT o
Vru* =2FVe¢ +v VP -l-.T vC [6]

And the magnitudes of the forces that might be as-
sociated with the flow of current through the mem-
brane in a typical battery system under these condi-
tions are summarized in Table III. It is clear that the

term vV P is relatively unimportant. Under any normal
circumstances, gravitational and centrifugal fields are
also insignificant compared to the very large magni-
tudes of 2zFV¢ and RTV In c. This permits considerable
simplification of Eq. [5]:

J1 = LuX1 4 Li2Xo + [13X3
Jo = [12X1 + L22Xo + [23X3
J3 = [13X1 + L23Xs + [33X3 [7]

in which we have to consider the flows of two kinds
of ions and the flow of solvent, and where X, the gen-
eralized force, is given by [8].

RT
X=-—sz¢——C—VC [8]

The quantities that are important in further elec-
trochemical calculations are: electric current, elec-
trical conductivity, transport number of the ktt ion,
and transference number of any uncharged species
that may move along with the charged particles. (Note
that transport number and transference number are
related by Tx = zxtk). These quantities are readily de-
fined in terms of Eq. [7] and [8].

Electric current

i=2zFJx + ziFJ;
Electrical conductivity
1The total chemical potential is sometimes called the electro-

chemical potential; see for example Harned and Owen (3).

Table . Approximate magnitudes of the terms which contribute
to the electrochemical driving force

A¢ = 02v
Ax == 0.02 em (8 mils)

v == 20-30 cm3/mole

AP =1 atm = 0.1 watt-sec/cm3
T ~ 300°K

C ratio ~ 10-1000 max.

F = 96,487 a-sec/eq.

R = 8.315 watt-sec/mole-°C
zFV¢ ~ 0.2 x 105 x 1/0.02 ~ 108 watt-sec/mole-cm

vYP ~ 25 x 10-1/0.02 ~ 125 watt-sec/mole~cm
RTVInC ~ 8 x 300 x 6.9/0.02 ~ 8 X 105 watt-sec/mole-cm
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0 =1i/(—V¢) = Lrxzx®F? + 2[xj2z;F? + Lz F?
Transport number of the kth jon
= (Lxxz® + Lkiriz))

Ty — [9]
. (o/F)

Transference number
~ Jw

z Lxwzx + LiwZ;j
Y e/ Fo o/F

These defining equations do not of course tell us the
numerical values of the conductivity or the transfer-
ence numbers, unless we have the values of all of the
phenomenological coefficients. However, the defining
equations can be used to help in the interpretation of
experimental situations even when the coefficients are
not known. For example, consider the measurement
of “membrane potential,” an experiment which is often
performed to determine the selectivity of the mem-
brane.

Analysis of “Membrane Potentials”
“Membrane potential” is the electrical potential
across the membrane when there is a concentration
difference between the solutions on either side and no
electric current. The situation is summarized by Eq.
[10].

i = zxJyF + ZjJFj =0=
LxxzxFXx + LxizxF X5 + LxwzxFXw

+ OxiziF Xk + Lii2iFX; + LiweiFXw [10a]
and, dividing through by the expression for conduc-
tivity
0 = wXk + 75X + wwXw =—TkFVe —TiFV¢

—tRTV Inayxy — KTV In a; — twRTV In ay

RT ] n RTvl n RTvl
—Ve=m%—VIna T — naj Tw— n Gw
“F TR ! F

[10b]

where, as before, we have used X’s to stand for the
negative gradients of the total chemical potentials. The
last line of Eq. [10b] shows clearly that the potential
gradient depends on the transference numbers and the
activities of all of the species present in the system,
even though no current is flowing.

This important result has been obtained previously
by Scatchard (6) using a more conventional thermo-
dynamic approach to an analysis of a cell containing a
membrane. However, it is not apparent from his ap-
proach that one can avoid an integration over the
thickness of the barrier. In an analysis of the problem
due to Kirkwood (7) it has been shown that one can
use microscopic differences between the bulk phases
rather than local gradients in setting up the phe-
nomenological equations. Using this idea and Eq. [9]
we can calculate apparent electrochemical character-
istics for the membrane. Transport coefficients defined
in this manner are “effective” quantities that apply
over the whole thickness of the system interface’/
membrane/interface” and we can avoid the question
of integration entirely.

Effect of Selective Membrane on Resistance, Voltage,

and Concentration under High Current Conditions

To illustrate the effects that an ion exchange mem-
brane will have on the operation of an actual battery,
it is convenient to consider a specific system. As an
example a silver-zinc battery with an anion exchange
membrane separator will be used. Because the mem-
brane is selective, serious concentration gradients will
develop in the solution adjacent to it under high cur-
rent conditions. Concentration polarization arises be~
cause the current in the solution is carried by the
motion of both positive and negative ions, while in the
membrane the current is carried by the motion of only
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one kind of ion. In addition, each electrode in general
acts as a source or a sink for only one kind of ion.
These discontinuities in the conduction process lead to
concentration gradients in the vicinity of both the
membrane and the electrodes. When a load is first con-
nected to the cell, the disturbances are confined to the
immediate vicinity of the interfaces between mem-
brane and solution and electrode and solution. How-
ever, in an unstirred system, the depleted and concen-
trated layers will spread until they run into each other.
Steady-state concentration gradients as sketched in
Fig. 2 will be reached in a time such that Dt/§2 ~ 1;2
and, with the small spacings, 1.0-0.1 mm, that are apt
to be used in a typical battery, the characteristic time
for reaching the steady state will lie in the range 1-100
sec. At a current density of 1 amp/cm?, the corres-
ponding variations in the concentration range from
+1.67 to +16.7M.

Although the concentrated and the diluted layers
appear to merge in a typical battery, their effects
might be considered in terms of separate diluted and
concentrated regions each having a characteristic
thickness 8 = 1/2. These layers of altered concentra-
tion will affect the operation of the cell in two differ-
ent ways: they will increase its resistance, and they
may produce serious back emf’s. In exploring the ef-
fects due to the concentration layers, it is convenient
to think about resistance effects and voltage effects
separately; consider first the effect of the concentration
layers on resistance.

Resistance.—For purposes of illustration, we shall
assume that there is no solvent transfer through the
membrane, and, that the membrane is perfectly selec-~
tive. Figure 2b indicates schematically the nature of
the resistances that will arise when a current is passed
through the membrane/solution system. For the mo-

3 According to Rosebrugh and Miller (8)
Aci (moles/ce) =

i 8 ® 1 f (2n — 1)*x2Dt
1l —-— 2 Xp 4 — } ]
1

€
zFD Le (2n — 1)2 L 452

For a typical electrolyte, D = 3 x 10-5 cm?/sec; and, if | = 0.1 mm,
8 =25 x 102 ¢m, and Dt/§? = 1 when t = 8 x 10! sec.
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Fig. 2. Effect of polarization on cell resistance: typical concen-
tration gradients (a) and the resulting cell resistances (b).
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ment let us ignore the resistances which are associated
with the electrodes and the electrode reactions. The re-
sistance of the membrane is known in advance and
presumably will be small in accordance with design
selections. The resistance marked R,’ will probably not
differ greatly from the resistance of the 30 and 40%
KOH solution used as the electrolyte in the cell. On
the other hand the resistance marked R,” being asso-
ciated with a diluted layer, may be quite high, and it
will therefore tend to control the total resistance of
the cell. In assessing the contribution of the diluted
layer to the total IR drop in the cell it is convenient to
make use of the fact that the variations of C and R
from the initial bulk solution values Cp and Rs to C;
and R; at the membrane/solution interface are ap-
proximately linear. It then is fairly simple to develop
an expression for the amount of extra resistance in-
troduced by the diluted layer. The results of this
calculation for extreme conditions of polarization are
shown in Eq. [11].

AC ~C; C; ~ 10—2m; w; == 400 ohm-cm

K Kdy
(Dy = 'y dR =
(y/8)AC 4+ C; (y/d)AC 4+ C;

1 K&dY
R,” (ohm-cm?) = | — —

° YAC+C

K 8C;
= C ® In (1 4+ AC/C)

K/AC ~ K/Cp ~ wp and AC/C; ~ (0; — wp) /oy

R,” ~ dwp In (wi/wp)? [11]

In these equations w; is the resistivity at the mem-
brane/solution interface; wp is the bulk solution re-
sistivity, and 8 is the thickness of the concentration
layer. It should be noted that the concentration effects
which occur at the membrane solution interfaces when
current is drawn from the cell are also duplicated at
the electrodes. We can conclude that the actual re-
sistance introduced by the membrane will be at least
as great as the polarization resistance that would oc-
cur in the cell without any membrane being present.

Polarization potentials.—Consider also the voltages
that may develop across the polarization layers when
a current is passed through the system. The emf across
each of the polarization layers and across the mem-
brane can easily be calculated using Eq. [10]. It is ob-
vious that concentration potentials should not occur
whenever t+ = — 1- = 0.5 and that the sign and
magnitude of the concentration potentials under any
other condition will depend on both the transference
numbers and the actual concentrations. The situation
as it is likely to exist if a high current is passed
through an alkaline battery with an anion exchange
separator is indicated in Fig. 3; Eq. [12]-[14] sum-
marize the result obtained when the three voltages in
the vicinity of the membrane, Es/, En¢ and E.,” are
added up.

The polarization potential which arises as a result of
adding a membrane to the battery system is:

RT
A¢=¢"—¢'=—2i Ti 7 Alnc;

RT A
— (—y o) g oA
F c

3 Since AC = it is also true that

zFD
F 1 RT
Rs” ~ — —— In (wi/ws)
£

which agrees with the result recently obtained by Gregor and
Peterson (9).
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Fig. 3. Effect of polarization on cell potential—typical concentra-
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— RT c— Ac
— T — [
F ¢+ Ac
RT c
—(t+ + 1) —In—80——
F c—Ac
RT c¢+A RT ¢+ Ac
ST il WO il PO S S T
‘ F ¢ —Ac F ¢c— Ac
for a 1:1 electrolyte
—ty=—1=-T-); —-=T-
and [12] simplifies to
RT A RT
= 2(T- —1)In <2 _ 2 ar_ —1)
F c— Ac F

Ac 3 5
{ 2[_+_1 (_A_c) _,_i(_A_c_) +__] 1 113
c 3 V¢ 5 V¢ j
This polarization, which appears as + on the left and
as — on the right opposes the cell reaction and dras-
tically reduces the power output.
If a cation permeable membrane were placed in the
same spot, the initial polarization voltage associated
with the membrane and its boundary layers would be

RT
¢ — ¢ =——2(T-)
F

Ac 1 /Ac\3 1 /Ac)’
() (=) 41w
c 3 c 5 c .
Equations [13] and [14] assume ideally selective mem-
brane; if the membrane used is somewhat leaky, which
it probably will be at these high concentrations, the

back emf due to the membrane will be as given by
Eq. [15] and [16]

. _RT
¢"—¢' =2(T-—T-) —
F

{el T3 (F)+5(F) -]} v
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”» m RT
o= = 2T —T4) —

Ac 1 /7ac\* 1/ Aac)\°
(L2 1) () Y
c 3 c 5 c
for anion and cation permeable membranes, respec-
tively.

Up to this point, we have ignored the effects that
may also occur at the electrodes. However, whatever
else may be going on, the cathode is serving as a source
of OH-ions and the anode is serving as a sink. Con-
ceptually at least, we can imagine that the electrode/
electrolyte interfaces are the equivalent of anion ex-
change membrane/solution interfaces. This means that
when an anion exchange membrane is placed in a
conventional silver/zinc cell, both the apparent IR
drop and the observed concentration polarization will
be twice as severe as when no membrane is present.
We may conclude that even a low resistance anion ex-
change membrane may have undesirable effects when

added to a high rate alkaline battery unless T— ~ T_
under the expected conditions of use.® On the other
hand, if the membrane can be made to replace the
normal electrolyte entirely, the highest possible se-
lectivity is desirable as this will tend to eliminate po-
larization effects at the electrode/electrolyte interfaces.

Manuscript received June 15, 1965; revised manu-
script received Sept. 13, 1965. This paper was presented
at the San Francisco Meeting, May 9-13, 1965.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1966
JOURNAL.
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SYMBOLS
Activity
Activity in membrane phase
Concentration, moles/kg HyO
Concentration, moles/cc.
Diffusion coefficient, cm/sec
Difference
Boundary layer thickness, em
Gradient operator
Divergence operator
Potential difference (emf) v

HQQQ’DUO Qr|a

<

¢If T_ is ~ 0.5, it is reasonable to place a cation permeable mem-
brane in the battery. True, we’ll always double the apparent IR
drop in the cell but E;’ and Es” will just cancel the voltage due
to the polarization layers at the anode and the cathode, respec-
tively, and the net back emf in an alkaline cell containing an
ideally selective cation permeable membrane will be the sum of
the concentration potentials attributable to transferring ions (a)
across the membrane/solution boundaries and (b) across the elec-
trode/solution boundaries. Either of these processes in half the
total and the initial back emf is

RT c + Ac
In
F c — Ac

=ﬁzfg_{2[m +_:(Ac)3+_1_(Ac)5+---]}[“]

c c 5 c



Faraday’s constant, 96,500 amp-sec
Activity coefficient

Electric current density, amp/cm?
Particle current density, moles/cm2-sec
Resistivity constant (1000/eq cond)
Natural log.

Phenomenological coefficient

Chemical potential

Total chemical potential including effects of
charge, gravitational field etc.
Electrical resistivity ohm-cm

Pressure, watt-sec/cc.

Electrical potential, v

Heat flow, watts/cm?

1:{(_1: hgw&“'ét}] D

£ e
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R Gas constant, 8.315 joules/mole-°C
R, Resistance of polarization layer, ohm-cm?

o Electrical conductivity, mho/cm

T Absolute temperature, °K

T Transport number of ion in solution

T Transport number of ion in membrane

t Time, sec

T Transference number of ion in solution, moles/F

T Transference number of ion in membrane,
moles/F

17 Partial molar volume, cc/mole

X Generalized force, watt-sec/cm-mole

z Valence including algebraic sign

Lithium-Chlorine Battery

D. A. J. Swinkels

Allison Division, General Motors Corporation, Indianapolis, Indiana

ABSTRACT

Requirements for a high energy density, high power density electrochemi-
cal energy conversion device have led to the study of a lithium-chlorine
battery. The system operates at 650°C using molten LiCl electrolyte. Several
cells have been assembled and measurements of the open-circuit voltage,
electrode polarization and coulombic efficiency are reported. The chlorine
electrode, made of porous carbon or graphite, was found to be the main source
of polarization. Limiting currents were determined and these have been com-
pared with theoretical estimates based on a model for the porous electrode.
The model differs fundamentally from those used with aqueous electrolytes
since fused LiCl does not wet graphite, and hence little or no penetration of

electrolyte into the pores occurs.

Electrochemical couples of high energy capacity
(>500 whr/lb) capable of operating at high power
densities (>5 w/em?) offer many possibilities for ob-
taining light energy storage devices. The Li-Cly sys-
tem using molten LiCl as the electrolyte is one of the
most promising systems (1) and is currently being
investigated (2).

The system consists of a molten Li-electrode, molten
LiCl electrolyte, and a porous carbon or graphite chlo-
rine electrode and operates at about 650°C. The over-
all cell reaction is simply

discharge

Li + %Cl, LiCl [1]

charge

At 650°C the open-circuit voltage is 3.467v, which
leads to a theoretical energy capacity for the reactants
of 990 whr/1b. The energy capacity which can actually
be obtained depends on the polarization of the elec-
trodes and the IR-drop in the electrolyte under the
chosen operating conditions, as well as on the weight
of containers and cell components. The open-circuit
and the electrode polarization of this system have
therefore been studied in detail.

Open-Circuit Voltage

The O.C.V. of the Li-Cls system was measured from
the melting point of LiCl to about 850°C at a pressure
of 1 atm. The LiCl used for these experiments was
purified by the Anderson Physical Laboratories using
the method of Laitinen et al. (3). The melting point
was determined by measuring cooling curves and ex-
trapolating the linear sections. Some supercooling was
observed in each case. Six cooling curves were deter-
mined using five different calibrated thermocouples,
giving a mp of 608° + 1°C, which compares well with
the range of values found in the literature: 606°-610°C
(4-8). Three sets of O.C.V. data were taken in an ex-
perimental arrangement shown in Fig. 1. The cell con-
sisted of a porous carbon chlorine electrode dipped in

molten LiCl. A quartz tube around the carbon elec-
trode restricted the chlorine flow to this part of the
cell to avoid corrosion of the metal outer container.
The LiCl was contained in a slightly porous (porosity
~ 15%) beryllia crucible, which served to separate
mechanically the LiCl from the lithium without
causing electrical separation. The whole assembly was
placed in a cylindrical heater. Two thermocouples, one
in the lithium and one close to the chlorine electrode,
are placed in the cell to insure uniform temperature
throughout the cell. It was found that an auxiliary
heater was required near the chlorine electrode to
compensate for heat lost by thermal conduction
through the graphite electrode. The current through
this auxiliary heater was increased until the two ther-
mocouples showed the same temperature. All voltages
were read to 0.1 mv using a Keithley 660 d-c differen-
tial voltmeter. A total of 132 points were determined
giving

E = 3.4906 — 0.64 x 10—% (t—608) volt [2]
with a standard error of + 5.4 mv,
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Fig. 1. Li-Cly open-circuit voltage cell
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This line is shown in Fig. 2 together with the O.C.V.
calculated by Hamer et al. (9) and those calculated
here from the free energy data given in a more recent
compilation and evaluation of thermodynamic data
known as the JANAF Thermochemical Tables (10).
Some O.C.V. data reported by Werth et al. (2) and
LiCl decomposition potentials given by Delimarski are
also included (11). Taking only the uncertainty in the
standard heat of formation of LiCl (c) at 25°C given
in the JANATF tables then a standard error of =12 mv
results for the calculated O.C.V. line. Since the sep-
aration between the calculated and experimental lines
is only 7 mv the two are in essential agreement.

Lithium Electrode

The exchange current density for metal electrodes in
fused salts is generally high (12), and hence no po-
larization is expected at the Li/LiCl electrode. Con-
stant current charge and discharge pulses of up to 40
amp/cm? were passed between two Li electrodes at
650° = 5°C in the cell shown in Fig. 3. The cell con-
sisted of a stainless steel outer container and a dense
alumina crucible to contain the electrolyte. A chlo-
rine electrode with a quartz sheath and two lithium
electrodes were placed in the electrolyte. Each Li
electrode consisted of a BeO tube with a cross-sec-
tional area of 0.7 cm2 with a stainless steel rod to make
contact to the lithium and a thermocouple to measure
the temperature of the actual electrode-electrolyte in-
terface.

The experimental procedure here consisted of heat-
ing the cell components to 700°C on the day before a
run was made, cooling and storing them overnight
under vacuum. The cell was then assembled in a dry
box, and pure dry LiCl was placed in the cell. After
heating to 650°C to melt the LiCl, Li was formed on
both Li electrodes by electrolysis against the carbon
electrode. The experiment then consisted of charging
Li back and forth between two Li electrodes using the

CHLORINE _| JARTZ
ELECTRODE Y] Lt Sh?E-L'[')"E
THERMOCOUPLE — |l | | _lj— THERMOCOUPLE
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ROD N ROD
1
/
Li Z .Y
BeO 1]
TUBE ™ ?ﬁ‘;E
) c
Al203 it L STAINLESS STEEL
CRUCIBLE > > CONTAINER

Fig. 3. Cell used for Li electrode work
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chlorine electrode as a reference electrode. The volt-
age between each Li electrode and a Cly reference
electrode was observed on an oscilloscope 0.1 sec after
switching on the current. Since the rise-time of the
power supply used was about 50 usec any activation
polarization which was present could not be separated
from the IR-drop between the reference and working
electrodes. Since total cell resistances were typically
0.3 ohm, I2R heating caused significant temperature
changes at times greater than 1 sec (10°C/sec were
observed). The current voltage relationship was found
to be linear between cathodic and anodic current den-
sities up to 40 amp/cm? (Fig. 4). Since activation
polarizatien is nonlinear beyond about 100 mv most
of the observed polarization must be due to the IR-
drop and an exchange current density of at least 10
amp/cm? is indicated. On one occasion the amount of
Li charged into the two Li electrodes was accurately
measured (10 amp for 48 min), and a set of charge and
discharge data was obtained. The cell was then left
overnight with a slow flow of Cly through the graphite
electrode. Next morning, 23 hr after charging, the cell
was discharged at a rate of 6 amp for 75.3 min. This
corresponds to an over-all coulombic efficiency of 94%.
The electrodes were then charged again at 10 amp for
48 min and immediately discharged at 6 amp for 77.3
min which corresponds to an over-all coulombic ef-
ficiency of 96.6%. Thus the Li/LiCl electrode shows
negligible polarization at current densities up to 40
amp/cm2, while the coulombic efficiency in the geom-
etry used here approaches 100%. At closer electrode
spacings coulombic efficiencies may well be less due
to the solubility of both Li and Cls in LiCl (13-15).

Chlorine Electrode

The chlorine electrode consists of a porous carbon
or graphite plug screwed onto a dense graphite feed
tube which also serves as the current lead. The ex-
perimental cell used as well as the parts of one elec-
trode are shown in Fig. 5. The cell consists of a
quartz envelope into which three identical Cly elec-
trodes are placed. Cl; is fed to two of these (cathode
and reference electrode) while a thermocouple is
placed inside the anode. The cathode has a quartz
sheath around it so that only the face of the porous
plug is exposed to the electrolyte, thus giving a known
electrode area. The essential difference between this
electrode and many other porous fuel cell electrodes
is the fact that LiCl does not wet the electrode. Hence
the meniscus type of electrode geometry described by
Will (16) cannot form in this electrode.

The over-all process at the Cly electrode can still be
divided into the following steps:

1. Flow of Clg gas through the porous plug.

2. Dissolution of Cl; at the gas-liquid interface.

3. Diffusion of dissolved Cls to the carbon-LiCl in-
terface.

4. Dissociation and charge transfer.

5. Migration of Cl1— into the bulk electrolyte.

Curreat dessaty in amps cm?

Fig. 4. Potential of g lithium electrode vs. a Clp reference elec-
trode in LiCl.



Fig. 5. Cell components for Clz electrode work

The diffusion problem for a nonwetted pore (i.e., step
3) has been treated by Austin et al. (17), who calcu-
lated the limiting current for both flooded and non-
flooded pores for various boundary conditions at the
gas-liquid interface. The solution in all cases is of the
form

. AnFDC,

i = — [3]

where iy is the limiting current density in amp/cm?2
of pore ends; A is a constant depending on the bound-
ary condition assumed at the gas-liquid interface. A
varies from = 1.5 to 12 and a value of 8 has been used
here; n is the number of electrons per molecule of
Clg = 2; F Faraday = 96,500 coulombs/mole; D the dif-
fusion coefficient of Cly in LiCl ~ 4 x 10—5 ¢m2/sec;

o = equilibrium solubility of Cly in LiCl = KP,
where K = Henry’s law constant; r the pore radius
(cm); and P; chlorine pressure at the gas-liquid in-
terface.

The diffusion coefficient of Clp in LiCl at 650°C is
estimated from measured diffusion coefficients of Cl-
in alkali halides (18, 19) by allowing for the larger
size of the Cl; molecule and the lower temperature.

Von Wartenberg (14) measured the solubility of
Cl; at 1 atm in LiCl at 620+5°C giving a Henry’s law
constant of 1.48 (20.27) x 10-¢ moles cmn—3 atm—1. Re-
cent work in this laboratory indicates a somewhat
lower solubility (15). Hence at 650°C K = 10—8 moles
cm—3 atm~1! has been used here.

The fraction of the electrode surface made up of
pore ends is equal to the porosity y. Hence

AnFDKP
T

Steps 2 and 4 above are assumed to be fast and hence
essentially at equilibrium. Step 5 is the ionic conduc-
tivity of LiCl which at 650°C is 5.9 ohm—lcm—! (20).
This leaves step 1 as the other possible rate-deter-
mining step.

For a single straight pore of length L with a cir-
cular cross section of radius r both viscous flow (Poi-
seuille flow) and molecular streaming (Knudsen flow)
are observed (21). We have

AP 1.013 x 10872 (P; 4 Pyp)
Q=arz—{ =

16n L

49 2RT r \L [5]
T3 aM L |

where @ is the flow in cc/sec at pressure P and tem-
perature T (°K) through a single pore, P; the entrance
pressure (atm), P; the exit pressure (atm), AP =
P31 — Py, L is the length of pore = 1t where t is thick-
ness of the electrode, 1 the tortuosity of the pores, n
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Table 1. Gas viscosity parameters

Gas C Tq, °K e

Cla 325 273 1.23 X 10—+ poise
N 110 273 1.67 x 10-¢ poise
He 70 298 2.0 x 10— poise

the gas viscosity (poise), m molecular weight = 70.9
g/mole, R = 8.317 x 107 erg/°mole, and & = con-
stant = 0.9.

The number of pores per unit area is y/xr? so that
the flow per square centimeter of electrode is yQ/xnr2.
Winsauer et al. (22) measured the tortuosity (z) for.
a number of sands with porosities in the range 0.06
< ¢ < 0.4 and found the empirical relationship

T = 0.765 ¢ —0.65 [6]1
This relationship has been used here to predict the
flow of gas through porous graphite plugs, which was
compared with experiment using three different gases
at two different temperatures. The viscosity of the
gases was calculated using the Sutherland equation

T, +C T \3/2
n=" (———)(——) [71
T+C T,

The fit of experimental viscosity data to this equa-
tion, using the values of the parameters given in Ta-
ble I, was very good. However experimental viscosity
data for Cl; extend only to 146°C. Hence a large ex-
trapolation is involved, and the purpose of these flow
measurements was to check both the validity of this
long extrapolation as well as the applicability of
Winsauer’s empirical relationship (Eq. [6]). The po-
rosity and pore size distribution of the graphites used
were measured using a mercury porosimeter. The
actual pore size distribution was then approximated
by a step function as shown in Fig. 6. To measure the
flow of gases through porous graphite, plugs of the
desired materials were sealed in Pyrex tubes by col-
lapsing the Pyrex around the plugs under vacuum.
The preheated gases were then forced through the
plugs. The pressure difference, AP, across the plug was
measured with a mercury U-tube manometer while
the flow rate was measured after cooling the gas to
room temperature by timing the movement of a soap
film in a burette. A typical comparison of experimen-
tal and calculated flows is shown in Fig. 7. Similar
agreement was obtained on other porous graphites
and using other gases (He, N:). Hence the use of Eq.
[6] for the tortuosity and Eq. [7] for the viscosity of
Cl; appears justified.

Multiplying Eq. [5] by (#FP/T) (273/22,415)
changes @ to amp/cm2. This assumes ideal gas be-
havior for chlorine, which is necessary at the higher
temperatures where no density measurements have
been made for Cl; gas. The assumption is justified since
at 0°C the ideal gas density of Clp differs from the
measured density by less than 2.5%.
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Fig. 6. Pore size distribution of FC-11
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For a dead-ended electrode, i.e., one through which
no excess chlorine flows, inow must equal the actual
current passed through the electrode.

At the limiting current we can therefore equate
Eq. [4] and [9]. Hence, for given values of all the ex-
ternal variables (T, P, vy, d, t, 1) we can solve for P,
and hence calculate i;. This has been done for a hypo-
thetical carbon with the following characteristics: y =
03;t = 05 cm; T = 0.765 ¢v—065 = 167; T = 650°C
= 923°F. The results are shown in Fig. 8.

The curves of i;, vs. pore diameter all show a clear
maximum. To the left of the maximum the current is
limited by the flow of gas through the porous mate-
rial while to the right of the maximum the diffusion
of dissolved Clp through the electrolyte is the main
limiting step.

Using Eq. [4] and [9] limiting currents have been
calculated for several commercially available porous
carbons. These commercial materials generally do not
have uniform size pores but rather a range of pore
sizes.

2.5

~
(=3

LIMITING CURRENT DENSITY (AMPS/CM2)

0.5

0 L 1 i
0 0.5 1.0 15 2.0 2.5
PORE DIAMETER {IN MICRONS)

Fig. 8. Calculated limiting current according to Eq. [4] and [9].
Temperature, 650°C; porosity, 30%; electrode thickness, 0.5 ¢m;
Py, chlorine pressure,
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The limiting current was therefore calculated in two
ways. First, the pore size distribution for each ma-
terial was approximated by a single step-function at
the median pore diameter. The limiting currents so
calculated are found to be low compared with the ex-
perimental data (Table II). A better approximation
to the pore size distribution is obtained by using sev-
eral steps and summing the flow and the diffusion cur-
rent (Eq. [4] and [9]) over all the steps. The steps at
large diameters contribute most to the total flow while
the steps at smaller diameters contribute more to the
diffusion current. With the exception of FC-1 the lim-
iting currents calculated in this way are found to agree
well with experimental data. This second method of
calculation is more realistic since most of the flow
in the bulk of the porous body no doubt occurs through
the larger pores, while at the carbon-LiCl interface
the small pores are the most active ones. This also
suggests the use of a bi-porous carbon electrode con-
sisting of say 0.5 c¢cm of material with pores in the
10-20x range with a thin surface layer (say 0.01 cm)
of much finer pores (=~ 0.05x). In the multistep ap-
proximation it is necessary to limit the range of pores
considered. If several 1 mm holes were drilled through
a porous electrode and these holes were then treated as
a step in the pore size distribution one would ob-
viously obtain erroneous results. In this work only
pores from 10 to 0.05x were considered. Actually the
only materials affected by setting these somewhat
arbitrary limits were FC-13 and FC-50 both of which
have a considerable number of pores smaller than
0.05.. However, when these smaller pores are included
the computed values of iy, become much too high,

Conclusion

The open-circuit voltage and electrode polarization
of the Li-Cl» system using fused LiCl electrolyte have
been investigated. Good agreement was obtained be-
tween the measured O.C.V. and those calculated from
available thermodynamic data. The main source of po-
larization was found to be the mass transport of Cl; at
the porous graphite electrode, either in the gas phase or
in the electrolyte depending on the size of the pores.
The porous electrode in this system differs in a funda-
mental way from porous electrodes in aqueous elec-
trolytes in that molten LiCl does not wet graphite.
Hence the thin film region at the top of the meniscus,
which is of primary importance in the case of aqueous
electrolytes does not exist in this electrode. A quan-
titative model for the nonwetted porous electrode was
described and tested, and fair agreement with experi-
ment was observed. The limiting currents found for
dead-ended electrodes (Table II) appear disappoint-
ingly low in terms of obtaining high power densities.
However the mass transport can be improved in a
number of ways, e.g., by increasing the system pres-
sure to increase the solubility of Cl; in LiCl or by

Table 11. Experimental and computed values of the limiting current
of the Cl2 electrode in LiCl at 650°C for various carbons

Experimental i Theoretical ir

Single step Multistep
approximation approximation

Carbon* amp/cm?2 amp/cm?2 amp,/cm?
FC-1 0.05 == 0.01 0.16 0.15
FC-11 0.98 + 0.29 0.08 0.84
FC-13 1.09 = 0.15 0.14 0.79
FC-25 0.04 = 0.01 0.06 0.06
FC-26 0.15 % 0.03 0.03 0.14
FC-30 0.08 = 0.01 0.07 0.08
FC-50 0.86 = 0.29 0.06 0.83
37-G 0.75 * 0.24 0.09 0.50
103-G 0.09 *- 0.0¢ 0.14 0.18
105-G 0.26 (2 determi- 0.09 0.31

nations only)

108 0.30 == 0.08 0.08 0.29
108-G 0.16 3= 0.04 0.06 0.26

* The carbon identifications are those of the manufacturers: Pure
Carbon Company, Inc., and Speer Carbon Company, St. Mary’s,
Pennsylvania.
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bubbling through excess Cl;. The stirring caused by
the growing bubbles at the electrode surface improves
the mass transport sufficiently so that current den-
sities of 3 amp/cm? can be obtained with only 0.3v
of concentration polarization.

Complete power cells have been assembled using a
porous electrode with excess Cl; flow. In these cells
power densities of 6 w/cm?2 have been obtained (23).
Further improvements in the performance of the por-
ous electrode can come from suitable choice of pore
size distribution and by increasing the system pres-
sure so as to increase the chlorine solubility.

Manuscript received June 16, 1965; revised manu-
script received Sept. 17, 1965. This paper was pre-
sented at the San Francisco Meeting, May 9-13, 1965.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1966
JOURNAL.
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Anodic Oxidation of the Basic Sulfates of Lead

Jeanne Burbank

United States Naval Research Laboratory, Washington, D. C.

ABSTRACT

PbO-PbSO,, 3PbO-PbSO4-H0, and 4PbO-PbSO4 were prepared by react-
ing PbO and dilute HsSO,4. The crystalline phases were identified by x-ray
diffraction patterns, and electron microscope examination showed all three
to be prismatic needles, The three basic sulfates were oxidized anodically in
dilute sulfuric acid, and x-ray diffraction showed that each transformed
to fPbO;. The pellet made from 4PbO-PbSOs was mechanically strong, and
the transformation to PbO; was largely metasomatic after the original crystals
of the basic sulfate. The three anodic preparations were examined in the
electron microscope and showed the presence of prismatic and nodular

particles of PbOs.

Studies on the lead acid battery have long been of
interest to this Laboratory owing to the continued im-
portance of this cell in submarine service. In recent
years the so-called “lead-calcium” cell has replaced
the conventional antimonial lead cell on the nuclear
powered ships where the batteries were installed in
float service. This change in cell type focused atten-
tion on the positive plate because, shortly -after in-
stallation, the lead calcium cells began to fail by soft-
ening and disintegration of the positive active mate-
rial. This loss of strength and electrical continuity in
the positive mass was attributed to an unsuitable crys-
tal morphology. Other simultaneous investigations re-
vealed that mechanical strength and battery capacity
were maintained when the active material paste was
knit together by prismatic crystals of PbOs or PbSO,
(1, 2). Because PbSOy4 is a discharge product in the
plates, it is thermodynamically unstable in a float in-
stallation, and in order to retain its presence in the
positive plates they must be carried in a partially dis-

charged condition, and continuous float becomes im-
possible. In addition, fully charged batteries are al-
most universally desired. On the other hand, it is not
known how the prismatic crystals of PbO, are pro-
duced in certain commercial battery pastes. Studies
currently under way at this Laboratory are directed
toward analysis of the factors affecting the structure
of the positive active materials.

Battery plates are fabricated from a mixture of lead
oxides, usually containing some free metallic lead,
sulfuric acid, water, and miscellaneous additives. These
materials are mixed for a brief period to form a stiff
paste which is pressed into a metallic battery grid.
The paste first stiffens or “sets,” and the plates are
then ready to be “cured.” Curing is a combined set-
ting and drying process during which several chem-
ical reactions occur. Free metallic lead which may
be present in finely divided form in the paste is spon-
taneously oxidized with the liberation of heat, and
the reaction of the oxides and sulfuric acid is carried
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essentially to completion. If the paste does not initially
contain significant amounts of free lead, the curing
process must be carried out in an oven in the presence
of water vapor. After curing, the paste is a complex
mixture of unreacted lead oxides, one or more basic
sulfates of lead, perhaps basic carbonates and hy-
drated lead oxides (3-14). The cured plates are as-
sembled into battery elements and electrochemically
converted into the final active materials: PbOy at the
positive and Pb at the negative plate.

Three basic sulfates are often encountered in the
cured paste: PbO:PbSO4 3PbO - -PbSO4-HyO and
4PDbO - PbSO4. To determine whether any or all of these
materials is a source of prismatic PbO; in the finished
battery plate, each of these compounds was separately
converted to PbO; and the morphologies of the result-
ing crystals examined.

Experimental

For this study the three commonly encountered basic
sulfates of lead were prepared and anodized individ-
ually in dilute sulfuric acid. The starting materials and
final electrochemical products were identified by x-ray
diffraction and examined by electron microscopy.

PbO-PbSO4, 3PbO-PbS04-HyO, and 4PbO-PbSO,
were synthesized from reagent grade PbO and the
stoichiometric quantity of H>SO;. One mole of pow-
dered PbO was mixed in a liter of distilled water, and
the required amount of 1.250 sp gr H2SO4 solution was
added dropwise with stirring which was continued
4 hr after addition of the acid. The mixture for the
tetrabasic sulfate was heated during the initial reac-
tion period to approximately 80°C and then allowed
to cool to room temperature. The mixtures were di-
gested for four days at room temperature, the solids
collected on a filter, and air dried. The identity of the
solid phases was verified by x-ray diffraction, and the
crystals were examined directly in the electron micro-
scope.

For the electrochemical formation, a thick paste of
each basic sulfate and distilled water was pressed into
a pellet in a frame cut from pure lead sheet 0.625 mm
thick. Bibulous paper was applied to both sides of the
pellet during fabrication and allowed to remain in
place until the mass had dried in air at room temper-
ature. These plates were then wrapped with filter pa-
per held in position with rubber bands, and sheet lead
electrodes of the same size were placed on both sides
of each plate. These small elements were connected
in series, and the pellets were anodized for 72 hr in
1.050 sp gr H»SO, solution at a current density of
2.66 ma/cm? using the lead sheet as the counter elec-
trodes, taking twice the apparent cross-sectional area
as the surface area of the positive plates.

Following anodization, the cells were opened, and
the pellets blotted dry. The formed material was an-
alyzed by x-ray diffraction, examined in the optical
microscope, and then extracted with saturated ammo-
nium acetate solution. The residual particles of PbO»
were again examined by x-ray diffraction and the
optical microscope, and in addition they were studied
with the electron microscope both directly and by
means of carbon replicas (15).

Results and Discussion

The three basic sulfates prepared for this study were
all prismatic crystalline materials and typical electron
micrographs are shown in Fig. 1. The mono- and tri-
basic sulfates were colorless, and their prismatic forms
are shown clearly in the electron micrographs, Fig.
la and b. The tetrabasic lead sulfate, Fig. lc, crystal-
lized in rather large prisms with a pale yellow color.
All three were readily and completely soluble in satu-
rated ammonium acetate solution.

After anodization the pellet fabricated from PbO-
PbSO4 had oxidized around the edges near the metal
frame, but the center had not been converted to PbO,
apparently owing to shrinkage accompanying the
transformation which caused the center to lose contact
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Fig. 1a. Electron micrograph of PbO-PbSO4 crystals. These appear
to be rather thin blunted needles and were the smallest in average
size of the basic sulfates prepared for this study.

Fig. 1b. Electron micrograph of 3PbO-PbSO4-HoO crystals. The
wide variation in size of these slender needles is apparent in this
photograph. The surfaces of these crystals are covered with pro-
trusions which may be incipient or vestiginal dendritic arms.

Fig. 1c. Electron micrograph of crystals of 4PbO-PbSO4. These
crystals were rather large for examination in the electron micro-
scope, but are shown here for comparison with the other basic
sulfates of lead. The surfaces of these crystals appear irregular
and somewhat flokey at this magnification.

with the edges. Upon extraction with ammonium ace-
tate solution, the formed part of the pellet disinte-
grated readily, leaving a powder of PbO;. Examina-~
tion in the electron microscope showed that this was a
mixture of nodular and prismatic crystals, Fig. 2.
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Fig. 2. Electron micrographs of carbon replicas of PbO2 particles
formed by anodization of PbO-PbSO4. (a) A mixture of nondescript
and prismatic particles.

Fig. 2b. A cluster of small prismatic crystals

The anodized pellet made from 3PbO-:-PbSO4-H2O
had also formed around the edges near the metal frame,
and shrinkage had left a smaller central area un-
formed than in the case of PbO-PbSO4. The formed
mass was readily disintegrated into small particles on
extraction with saturated ammonium acetate solution.
Examination in the electron microscope showed again
the presence of nodular and small prismatic crystals
of PbQy, Fig. 3.

The pellet fabricated from 4PbO-PbSO, appeared
visually to be totally converted to PbOs; by the anodic
oxidation and was hard, mechanically strong, and well
bonded to the metallic lead frame. Optical examina-
tion showed that the original crystal shapes of the
basic sulfate had been retained intact during the ox-
idation. This pellet was extracted for several weeks
with saturated ammonium acetate solution, and some
fine particles were released from the mass, but the
major portion of the pellet, comprising the distinct
crystal forms related to the original 4PbO-PbSO, crys-
tals, remained intact. Electron microscope examina-
tion of crystals obtained from this pellet showed that
the fine particles were a mixture of nodular and pris-
matic forms, and that the surfaces of the large par-
ticles were very rough and irregular, Fig. 4.

X-ray diffraction analysis showed that all three
basic sulfates had been converted to gPbO: by the
electrolytic oxidation, in agreement with the earlier
findings of Ikari, Yoshizawa, and Okada (10). As re-
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Fig. 3. Electron micrographs of carbon replicas of PbOz particles
formed by anodization of 3PbO-PbSO4-H20. () Nondescript nodu-
lar forms.

Fig. 3b. Prismatic dendritic crystal

ported by these authors, it was also observed in this
study that the pellet formed from 4PbO-PbSO4 con-
tained some residual unreacted material even though
it appeared to be totally formed. This residue was
readily extracted with saturated ammonium acetate
solution so that subsequent x-ray diffraction patterns
taken from the pellet showed only the presence of
BPbO;. It is considered that the retention of the crys-
tal forms and pellet strength after extraction of all
4PbO-PbSO, detectable by x-ray diffraction shows
that the prismatic forms of the large crystals of the
basic sulfate are in fact retained by the PbQO; and are
not artifacts produced by a shallow conversion on the
surface of the original basic sulfate crystals.

The conversion of one material into another by si-
multaneous addition and subtraction of matter, but
without change in external form is called metasom-
atism or replacement by geologists (16-18). Petrified
wood is one familiar and interesting example of meta-
somatism in which the wood structure is replaced by
inorganic crystalline rock which retains the external
form of the original tree trunk. The term metasom-
atism is used in this discussion because it so aptly de-
scribes the processes of charging battery pastes to
form PbO; in situ within the original volume of the
paste, and particularly the conversion of 4PbO-PbSO,
to PbO,. Electrochemical action has been thought to
play a part in the formation of some geological deposits
and in certain metasomatic transformations in the
earth’s crust, particularly when high temperatures and
pressures were not active during a metamorphosis
(19-22).
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Fig. 4. Micrographs of PbO> particles obtained by anodization of
4PbO:PbSO4. (o) Optical micrograph taken during extraction of
PbO2 with ammonium acetate solution. The large particles are
metasomatic after the original basic sulfate crystals.

Fig. 4b. Electron micrograph showing a large metasomatic crystal
and fine-particle material which is @ mixture of prismatic and non-
descript forms.

There is usually only a minimal volume change be-
tween host and metasome, and Table I lists the volume
changes expected during formation of gPbO2 from cer-
tain compounds likely to be present in the unformed
active material of the lead acid cell. It is seen that free
lead and PbO would be expected to give rise to a
larger volume of PbO; than they themselves occupy,
while the normal and basic sulfates of lead and Pb3O,4
could produce shrinkage in volume, Thus a balance of
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Fig. 4c. Electron micrograph of carbon replica including one of
the metasomatic crystals. The surface is crenelated which may be
evidence of grain structure within the metasome.

these paste materials in the cured plate can result in
zero change in total volume during electrochemical
conversion to PbOs. The pore structure does vary in
battery plates depending on the relative amounts of
oxide and acid used in fabrication (measured as paste
density in the trade), and at least one study has shown
an over-all expansion of the paste on formation (8,
23).

On the other hand, the large tetrabasic lead sulfate
crystals have been shown in this study to transform
by electrochemical metasomatic replacement, not ac-
companied by the expected shrinkage in volume. For
every five molecules of PbO: formed from 4PbO-
PbSO; only one sulfate ion need be removed from
the body of the crystal with the simultaneous addition
of six oxygen atoms as indicated by the reaction

5PbO; + 12H* 4 SO4= 4 10e = 4PbO-PbSO, 4 6H>0
E* = 1.196 — 0.0709 pH + 0.0059 log aso,

The volume change indicated in Table I for this com-
pound may be eliminated if lead ions present in the
electrolyte are electrodeposited within the volume oc-
cupied by the original crystals present in the uncon-
verted paste mass. The initiation of the transformation
may be the deposition of tetravalent lead ions at active
sites on the surface of an original crystal, and trans-
formation may then spread readily throughout the
body of the crystal from this surface initiation by a
diffusion mechanism across the interphase boundary.
As indicated in Table I, there would be a 15% decrease
in volume on conversion of a crystal of 4PbO-PbSO,
to an equivalent amount of PbOs. This may result in

* Calculated by assuming the standard free energy of formation

of 4PbO - PbSO; is —374,88 kcal based on the free energies of for-
mation of PbO and PbSOs.

Table 1. Volume changes during formation of gPbO2

Moles PbO2
Molecular Gram molecular formed per mole % AV per

Compound weight Density volume, cc of compound AV.,* ce Pb atom
Pb 207.21 11.341 18.28 1 6.56 35.87
PbSOy4 303.27 6.323 47.96 1 —23.12 —48.21
PbO 223.21 9.642 23.15 1 1.69 7.12
(orthorhombic)
PbO 223.21 9.355 23.88 1 0.96 4,02
(tetragonal)
Ph30s 685.63 8.925 76.79 3 —0.72 -2.81
PbO - PbSOs 526.48 7.02 75.0 2 —12.66 —83.77
3PbO : PbSO: - HaO 990.92 6.5%* 152.9 4 —13.0 —34.0
4PbO : PbSO4 1196.11 8.15 146.76 5 —4,51 —15.38
BPbO: 239.21 9.63 24.84 - — —

* Volume change upon conversion to SPbO: per gram atom of Pb in the cpmpound.
*¢ A very approximate value obtained from the material synthesized for this study,
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porosity within the metasome, but if for example each
molecule of 4PbO -PbSO, were replaced by six mole-
cules of PbOsy, there would be a volume increase of 1%.
The volume of the tetrabasic crystal could be replaced
exactly by the addition of an appropriate number of
lead ions from solution: approximately 9.083 for every
50 in the crystal. The replacement of one molecule of
4PbO-PbSO4(Pbs0sS) with 5PbOg2 (PbsO19) would re-
sult in no change in weight. Taken on the basis of
either the volume or the weight remaining constant,
this conversion defines a reference state for a thermo-
dynamic system as discussed by Thompson for meta-
somatic processes (24). This same mechanism could
metasomatically replace any of the original basic sul-
fate crystals in the paste; however, a greater mass
transfer would be involved in the conversion of the
others.

The strength of the pellet of PbO; formed from
4PbO-PbSOs may be attributed to the interlocking of
the large metasomatic crystals. This suggests that a
suitable distribution of 4PbO-PbSO, crystals in a cured
paste can impart strength to a fully formed plate by
this same mechanism. Simon and Jones have shown
that in certain battery plates there exists a network of
hard PbO; that is continuous throughout the paste and
suggested that this originated from a network of one
of the basic sulfate crystals initially present in the
unformed plates (25). It was further suggested that
this hard network might be «PbOs; however, only
BPbO; was observed by x-ray diffraction as the anodic
product from all three basic sulfates under the condi-
tions used in this study. On the other hand, metasomes
are frequently particularly hard and dense owing to
their diffusional growth mechanism which somewhat
resembles a zone refining process. On the basis of the
results of this study it seems likely that the network
described by Simon and Jones arises from tetrabasic
lead sulfate crystallized in this pattern in the unformed
plate.

In earlier investigations of the active material pastes
of certain lead calcium batteries the small particles
were consistently prismatic (1). However, none of the
three basic sulfates examined in this study gave rise
to prismatic crystals to such an extent: the fine-par-
ticle material was a mixture of nodular and prismatic
crystals in all three instances. On the other hand, the
crystals of 4PbO-PbSO, prepared for this study were
of a fairly uniform and large size, and it is possible
that fine-particle prismatic PbO; arises from small
crystals of this same material when these are present
in unformed battery plates.

Other mechanisms can give rise to prismatic PbOs.
For example it has been shown that antimony in the
grid alloy leads to prismatic growth of PbO, (26),
some appeared in the anodization of PbO-PbSO, and
3PbO-PbSO4-Hs0 in this study, and hydrothermal re-
crystallization also produces prismatic crystals (27).
It is anticipated that future investigations of positive
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active materials will lead to further understanding
and result in optimization of the physical structures
required to give maximum plate durability thus ex-
tending battery life.

Manuscript received Aug. 16, 1965. This paper was
presented at the Buffalo Meeting, Oct. 10-14, 1965.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1966
JOURNAL.

REFERENCES

. J. Burbank, “Batteries,” Proc. 3rd I.D.C.B. Sym-
posium, Bournemouth 1962, p. 43, Pergamon
Press, New York (1963).

. J. Burbank, This Journal, 111, 765 (1964).

. J. J. Lander, ibid., 95, 174 (1949).

. R. H. Greenburg, F. B. Finan, and B. Agruss, ibid.,
98, 474 (1951).

. T. Takagaki, J. Electrochem. Soc. Japan, 23, 173,
232, 399, 449, 567 (1955).

. T. Takagaki, ibid., 25, 492 (1957).

. T. Takagaki, ibid., 26, 278, 320, 354 (1958).

. J. F. Dittman and J. F. Sams, This Journal, 105,
553 (1958).

. S. Ikari, J. Electrochem. Soc., Japan, 2%, 385 (1959).

10. S. Ikari, S. Yoshizawa, and S. Okada, ibid., 27, 426,
487 (1959).

11. S. Ikari and S. Yoshizawa, ibid., 27, 613 (1959).

12. H. Bod;e and E. Voss, Electrochim. Acta, 1, 318
(1959).

13. T. Ishikawa, H. Tagawa, and Y. Nakamura, Denki-
Kagaku, 29, 168 (1961).

14. S. C. Barnes and R. T. Mathieson, ‘“Batteries,” Proc.
4th 1.D.C.B. Symposium, Brighton 1964, Perga-
mon Press, New York (1965).

15. D. E. Bradley, Brit. J. Appl. Phys., 5, 65, 96 (1954).

16. W. Lindgren, “Mineral Deposits,” 4th ed., pp. 23, 91,
173, %VIcGraw Hill Book Co., Inc, New York
(1933).

17. H. Ramberg, “The Origin of Metamorphic and
Metasomatic Rocks,” University of Chicago Press,
Chicago (1952).

18. A. B. Edwards, “Textures of the Ore Minerals,”
chap. V, p. 115, Australasian Institute of Mining
and Metallurgy, Melbourne (1960).

19. V. H, Gottschalk and H. A. Buehler, Econ. Geol.,
9, 15 (1912).

20. G. V. Douglas, N. R. Goodman, and G. C. Milligan,
ibid., 41, 546 (1946).

21. W.(Cg. K)rumbein and R. M. Garrels, J. Geol,, 60, 1

1952).

22. V. A. Mokievskii, N. N. Stulov, and I. S. Tsigel’'man,
Zapiski Vsesoyuz Mineralog Obshchestva, 85, 39
(1956).

23. E. Voss and J. Freundlich, “Batteries,” Proc. 3rd
ID.C.B. Symposium, Bournemouth, 1962, p. 73,
Pergamon Press, New York (1963).

24. J. B. Thompson, Jr., “Researches in Geochemistry,”
p. 427, John Wiley & Sons, Inc.,, New York (1962).

25. A. (C. Si)mon and E. L. Jones, This Journal, 109, 760

1962).
26. J. Burbank, ibid., 111, 1112 (1964).
27. H. R. Davidson, Am. Mineralogist, 26, 18 (1941).

[~ for) (3] L) ] -

=]

Correction

The running heads on pages 1085, 1087, and 1089 of
the November 1965 issue of the Journal should read
Effect of N on the Oxidation of Ta

for the paper by John Stringer “The Effect of Nitrogen
on the Oxidation of Tantalum at High Temperatures,”
pages 1083-1091.



Reaction of Flowing Steam with Refractory Metals
I1. Rhenium (850°-1700°C)

Martin Kilpatrick! and Stanley K. Lott

Argonne National Laboratory, Argonne, [llinois

ABSTRACT

When rhenium reacts with steam at 1 atm pressure, the rate of evolution
of hydrogen is constant with time, and the metal remains bright with no evi-
dence of a coating. The apparent energy of activation for the reaction is 30
kcal/mole, and the enthalpy of sublimation of ResO7; is 33.5 kcal/mole, which
suggests that the rate-determining step is the sublimation of the oxide.

_ Although the oxidation of rhenium has been studied the desired temperature, as indicated by the millivolt
in air (1-3), no study of the reaction of steam with reading on the recorder chart, and following the evo-
rhenium has been reported. The oxide formed (Re;O7) lution of gas with time. At the end of the experiment,

melts at 296° and boils at 362°C under 1 atm pressure, the specimen was removed, washed, and weighed, and
and the reaction with oxygen takes place uniformly the gas sample analyzed by mass spectrograph.
over the surface rather than preferentially at the The rhenium was obtained from the Rembar Com-
grain boundaries. This paper reports the oxidation of  pany as 5 to 10 mm diameter rods with a quoted purity
rhenium with flowing steam for the temperature 850°~  of 99.9% The product metal had been sintered in hy-
1700°C. . drogen at 2700°C, compacted, cold swaged to finish
Experimental size by 10% reduction per pass, and process annealed
The method was based on passing steam over an in-  in hydrogen-nitrogen. The final annealing was carried
ductively heated specimen of metal, passing the prod- out at 1650°C in a hydrogen atmosphere. Spectro-

ucts through a water-cooled condenser to separate the  graphic analysis at Argonne showed only a faint trace
aqueous solution from the gas, and collecting the gas of calcium (< 0.0001%) and a trace of aluminum
evolved in an eudiometer (4). (<0.001%). The specimens were cut from the rods in

The apparatus, as shown in Fig. 1, consisted of an 1 cm lengths and 1/10 and 3/32 in. holes drilled by
electrically heated 3-liter steam boiler (A) connected  Elox method for mounting the samples in the field of

to a quartz tube (B) by a ball joint. The metal cylin-  the induction furnace.
der (C) was mounted on a two-hole alumina rod (D) Flow rates were determined from the weight of the
which carried the Pt/Pt, 10% Rh thermocouple wires. condensate, and the size of the annular opening as il-

The bottom of the quartz tube fitted into a female ball lustrated in Fig. 2.
Joint on a brass cup (F) which was connected to a

copper tube leading to the gas burette (G). A copper Results

spira}l (H) was soldered to the copper tube to carry The rhenium at the end of a run was bright but ex-
cooling water to condense the steam. The induction amination of the surface showed many small crystals
coil (E) was connected to a Reeve Electronic Genera- of metal randomly oriented. A graph (Fig. 3) of the
tor. hydrogen evolved vs. time was linear, and a comparison

'];'o carry .out an experiment, the polished and of the volume of hydrogen evolved with the weight
weighed specimen was mounted at (C), the boiler (A) loss of the specimen gave 3.41 = 0.15 moles of hydro-
tl_Jrned on, and the apparatus steamed out to remove
air. The experiment was started by turning on the in-
duction heater and rapidly bringing the specimen to

! Professor Emeritus, Illinois Institute of Technology, Chicago,
Illinois.
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Fig. 1. Flow apparatus for the reaction of steam with metgals: CROSS SECTION ANNULUS .34 saem

L . PR FLOW RATE
A, st.eam boiler; 'B, quqrtz tube; C, metal specimen; D, two hole liters/ (min){sq cm cross section) 15
alumina tube; E, induction heater; F, brass cup; G, gas burette; H,
cooling coil; K, heating mantle. Fig. 2. Annulus area for steam flow
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Fig. 3. Rate relationship of rhenium-steam reaction. Sample
temperature and diameter are: [J] 1593°C, 10 mm; O 1650°C, 5
mm; ¢ 1375°C, 10 mm; A 1504°C, 5 mm; <& 1392°C, 10 mm;
e 1312°C, 10 mm; V¥ 1240°C, 5 mm.

gen per gram atom of rhenium reacted. The stoichio-
metric equation is thus

2Re(c) + TH20(g) - R207(c) + THe

The velocity constants calculated from the hydrogen
evolved and from weight loss agreed fairly well. As
shown in Table I, the effect of flow rate is small. The
data are plotted in Fig. 4, and the least squares equa-
tions are given in Table II. All of the data can be rep-
resented by the equation k = 0962 =+ 0.384 exp
—29,800 + 1,000
—Rr gram atoms of Re per cm?2 per min.

Discussion

The value of 30 kcal for the energy of activation
may be compared with AHg,, = 33.5 = 0.1 for rhenium
heptoxide at the melting point (5). This suggests the
possibility that the rate-determining step is the de-
sorption of the oxide.

Table 1. Effect of flow rate on velocity constants for rhenium

Velocity constant,
Flow rate, g atoms Re reacted/
liters steam/ cm?2/min
min/cm? of
annulus cross section 1500°K

1800°K

15 5.408 x 105 2,731 x 10-4
25 3.767 x 10-5 2.062 x 10—
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Fig. 4. Linear rate constants for the rhenium-steam reaction at
various flow rates: flow rate, I/min cm2: A 15; [J 25.

Manuscript received Nov. 20, 1964; revised manu-
script received Sept. 15, 1965. This paper is based on
work performed under the auspices of the United
States Atomic Energy Commission.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1966
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Table Il. Arrhenius equations—rhenium
[Temperature range (850°-1850°C)1

Flow rate,
liters/min/cm?2
cross section of annulus

—30,402 + 2,035

25 ke = 1.012 * 0.798 exp
RT
—28,967 =+ 566
15 I = 0.8977 = 0.1673 exp —EI‘—_



Reaction of Flowing Steam with Refractory Metals
I1l. Tungsten (1000°-1700°C)

Martin Kilpatrick' and Stanley K. Lott

Argonne National Laboratory, Argonne, Illinois

ABSTRACT

The mechanism of the reaction of tungsten with steam over the tempera-
ture range 1000°-1450° is similar to that for the reaction of molybdenum. The
rate-determining step consists of the oxidation of WOz (s) to the volatile
WO, (OH)s and WO3 and its polymers. Above 1450° the reaction is compli-
cated by the formation of a liquid phase on the surface of the metal.

Although the reaction of flowing steam with tungsten
is similar in some respects to the reaction with molyb-
denum over the temperature range concerned, there
are important differences. In the first place, the oxide
product is relatively less volatile than the correspond-
ing molybdenum compound, and the presence of a liq-
uid phase around 1450°C complicates the kineties. In
addition, two oxides Wy,Oss and WisO49 are formed
which are less volatile and less readily oxidized to WO;3
than is WO,. Above 1530° WO, disproportionates to W
and W30y (1).

Experimental Results

The experimental method was the same as that
used for molybdenum and rhenium, and the experi-
ments were carried out in similar fashion (2,3). The
tungsten was 99.9% pure, and both the 5 and 10 mm
rods showed similar trace impurities which included
traces of Fe, Cr, and Mo.

The stoichiometry of the reaction was established by
comparing the moles of hydrogen evolved with the
gram atoms of tungsten reacted as determined by
weight loss. Although this ratio was 3.02 + 0.04, the
specimen at the end of the run was seldom free of
black oxide or nonadhering dark violet oxide. Filings
from the surface of the specimen after a typical run
near 1200°C were examined by x-ray diffraction and
found to contain tungsten dioxide with Wy;Oss as a
minor constituent, in addition to tungsten. Filings from
a specimen after a run just above 1500°C were found to
contain WigOy9 in addition to tungsten.

1 Professor Emeritus, Illinois Institute of Technology, Chicago,
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Fig. 1. Temperature profile initia! reaction of tungsten with
steam. A, Specimen run after polishing; B, specimen reused without
removing tarnish.
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As Fig. 1 indicates, there is considerable heat evolved
when the polished metal initially reacts with steam,
but the temperature rapidly becomes constant. When a
specimen is rerun without polishing, this rise above
the control temperature is absent, and the rate is the
same. However, in cases where the temperature of the
overshoot rises to 1500°C, with a very rapid evolution
of hydrogen, when the temperature drops the evolu-
tion of gas decreases sharply. This is due to the fact
that, as the molten oxide solidifies, the coating becomes
impermeable to steam, and reaction does not continue
normally until the temperature is raised above the
melting point (1473°C).

In spite of the fact that not all of the product was
converted to the volatile trioxide or its complex with
water, the rate of evolution of hydrogen was con-
stant (Fig. 2), and the velocity constants in terms of
gram atoms of tungsten reacted per square centimeter
per minute from the weight loss agreed well with
the velocity constants calculated from hydrogen evolu-
tion. Above 1400°C, the aluminum oxide support re-
acted to some extent with the tungsten, and it was not
always possible to remove the core and get the weight
Ioss. In the experiments above 1400°C, the violet black
oxide WisO49, flecked with the light yellow green
oxide, remained as a coating on the sample and inter-
fered with the flow pattern of the steam. The results
are summarized in Fig. 3 by a plot of log k ws.
10¢/T (°K). The Arrhenius equations for the two tem-
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Fig. 2. Rate relationship of tungsten-steam reaction; temperature
in °C, sample diameter in mm: @ 1663, 5; O 1505, 5; A 1332,
10; [ 1392, 5; V 1242, 10; ¢ 1217, 10; O 1284, 5.
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Fig. 3. Tungsten with steam velocity constants vs. 104/T

perature ranges for the velocity constants as gram
atoms of tungsten reacted per square centimeter per
minute are, for the temperature range 1050°-1450°C

—48,900 = 1,000
RT
and for the temperature range 1450°-1700°C,
—22,700 =+ 2,200
RT

k = 1.688 == 0.593 exp

k = 0.282 + 0.178 exp

The oxidation of tungsten by water vapor at 38 Torr
has been reported by Farber (4) who measured the
change in electrical resistance with time over the tem-
perature range 1700°-2000°K and found a value of 14.5
kcal for the energy of activation.

Discussion

If the reaction of tungsten with steam follows the
path for the reaction of molybdenum with steam out-
lined in a previous paper (2)

2H;0(g) + W(c) =2H; + WO2(c) [1]

and the dioxide would then be oxidized to WO3; and re-
moved as a vapor of WOj3 and its polymers, or as the
more volatile WO2(OH)(g), via the reactions

ks
WO (c) + HO(g) —> WO3(g) + Ha [21

k
WO, (c) + 2H;0(g) — WO, (OH)2(g) + Hy [3]

As in the case of molybdenum, the measured rate fol-
lows the linear law and shows that the steady state
would be reached very quickly under the conditions
used, and that the amount of metal stored as dioxide
would be small. Assuming the dioxide to be removed
via both [2] and [3] the rate constant would be

k = [WO:2(c)1[H3O01{ks + ks[H,O1} [4]

where [WO;(c)] represents the surface concentration
of active sites.

The measured energy for the reaction of steam with
tungsten over the range 1100°-1400°C is 49 kcal. It is
of interest to compare this figure with the enthalpy
changes accompanying reactions [2] and [3], respec-
tively. Using the heats of formation (5) of WOz(c)
and WO;(c), and the heat of sublimation of the tri-
oxide from Glemser and Vd&lz (6), one finds AH, at
1500°K to be 43 kcal. For the reaction
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WOs3(c) + HaO(g) > WO (OH)2(g) (3]

AH is ca. 40 kcal (6-8), and from this and the heats
of formation AHj at 1500°K is estimated to be 41 kcal.
It may also be mentioned that Battles (9) investigated
the rate of volatilization of the trioxide in a flowing
mixture of argon and water vapor and found the
energy of activation to be 40 kcal/mole.

In a recent paper, Bartlett (10) has proposed that
the reaction between oxygen and tungsten, below
2000°C, proceeds by the steps

(a) silW + % O =s|W—0
(0]
(b) sSIW—04+%0=58|W
(0]
(o}
/
(¢) s|W -> WO (g)
O
0o (

/
(d) 2(s|W - WO3(g) + sW—-0

o

where s|W — O indicates a covered site in a monolayer
(of which there are two) of chemisorbed oxygen
atoms. At low pressures, about equal amounts of WO:
and WO3 would form, the proportion of the latter in-
creasing with increasing pressure of oxygen. The ac-
tivation energy found by Bartlett was 42 kcal. Al-
though there was discoloration of the tungsten rods
in his experiments, he believed the surface film to have
formed on cooling.

In view, however, of the results shown in Fig. 1, it
appears that in the reaction of water vapor and tung-
sten there is an initial, rapid reaction with the bright
metal, accompanied by evolution of heat. This leaves
a film on the surface so that if the specimen is re~used
without polishing a steady rise to control temperature
occurs, with no overshoot. This phenomenon, illus-
trated by curves A and B in Fig. 1, was readily re-
producible. The view of a thin layer of lower oxide
therefore appears more tenable in the case of the re-
action of water vapor with tungsten than does the
scheme proposed by Bartlett for the reaction of oxy-
gen with tungsten.

Manuscript received Nov. 20, 1964; revised manu-
script received Sept. 15, 1965. This paper is based on
work performed under the auspices of the United
States Atomic Energy Commission.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1966
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Solid-State Anodic Oxidation of Tantalum

D. M. Smyth

Research Laboratory, Sprague Electric Company, North Adams, Massachusetts

ABSTRACT

When an anodic potential is applied to a tantalum point contact to MnOsz,
the current-voltage behavior is analogous to that observed during the anodic
oxidation of a valve metal in an aqueous electrolyte. It is proposed that
this represents a solid-state anodic oxidation whereby tantalum oxide is
formed at the expense of the local oxygen content of the MnO;, and that this
process represents an important “healing” mechanism in the Ta-TazOs5-MnOs
solid electrolyte capacitor. This process requires that the conductivity of the
reduced manganese oxide phase, which must be formed adjacent to the TazOs,
have a finite ionic portion, and experimental support for this is described. The
current efficiency of the solid-state anodization is very low and is dependent on
ambient moisture. Similar behavior has been found for aluminum and niobium
point anodes and with PbO; as the cathode.

~ The electrochemical formation of anodic oxide films
on such metals as tantalum, niobium, and aluminum in
electrolytic solutions is well known and is of consider-
able scientific and practical interest. In these cases the
current efficiency of oxide formation may approach
100% under suitable conditions, and the ionic current
which leads to oxide film growth can be expressed as

[1]

where i; is the ionic current through the oxide, V is
the voltage drop across the film whose thickness is d,
and A and B are constants for a given experimental
condition. Variations on this familiar theme have ap-
peared in recent years. The preparation and properties
of anodic oxides have been described where the source
of oxide ions was a glow discharge rather than an
electrolytic solution (1, 2). It has also been claimed
that very thin anodic oxide films (15-20A) can be
grown when the cathode is a metal layer which has
been evaporated in a poor vacuum and thus contains
dissolved oxygen (1).

In recent years the solid electrolyte capacitor has
become of great importance. This device is based on
the Ta-Tay0s5-MnO; system and is prepared by the
pyrolytic deposition of MnOgz on anodized tantalum
(3). The MnO; serves to maintain the highly insulat-
ing properties of the dielectric and thus replaces the
electrolytic solution which acts as the cathode plate in
conventional electrolytic capacitors. Publications on
this device to date have been restricted largely to de-
scriptions of the electrical behavior of completed ca-
pacitors (3-5). There have been no detailed hypothe-
ses presented on the mechanisms by which the MnO;
functions. In this paper, evidence will be presented
which indicates that tantalum can be electrochemically
oxidized by MnO, in a solid-state process which is
analogous to the conventional aqueous anodic oxida-
tion process. This mechanism is apparently related to
the so-called “reformation” which is performed on
solid electrolyte capacitors after the MnO, has been
applied to the anodized tantalum.

i; = AeBV/d

Experimental

A schematic drawing of the experimental arrange-
ment is shown in Fig. 1. The tantalum point was
formed by clipping the end of 0.016 in. tantalum wire
at an angle. The results did not seem to be affected by
whether or not the point was then cleaned in an
HNQ3-HF etch. The wire was attached to a phosphor-
bronze sheet spring with Eccobond Solder 56C, a con-
ducting epoxy produced by Emerson and Cuming, Inc,,
Canton, Massachusetts. The MnO; was produced by
thermal decomposition of Fisher 50% Mn(NQjs): solu-
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tion in a Pyrex beaker. Decomposition was begun on
a hot plate and, after most of the water had evaported,
was completed in a muffle furnace at 350°-400°. The
beaker was then broken away from the solid product,
leaving a hard, smooth MnO: surface which had
formed next to the glass. This surface was used in
these experiments. The MnO; was affixed to a metal
plate with the Eccobond Solder. The power supply was
either a potentiometer-controlled battery-pack or a
voltage regulated, electronic power supply, and the
voltage was adjusted manually in steps. The current
was measured with a Keithley Model 210 Electrometer
with a decade shunt and was recorded on an Esterline-
Angus Model AW Recorder. The high side of the cir-
cuit was completely shielded, and the sample jig was
enclosed in a shielded box.

The tantalum dots on MnO; were obtained by cath-
odic sputtering of tantalum through a mask onto the
glassy MnO: surface. The best results were obtained
when the MnO; was in good thermal contact with a
water-cooled block. With this arrangement and with
a 2-min-on and 1-min-off cycle (controlled with a
shutter), the temperature, as measured at the back
side of the MnOs, was kept-below 200°. The tantalum
thickness was generally about 2000A. Electrical con-
tact to the tantalum was made with a small drop of
liquid In-Ga solder on the end of a tantalum wire.

A variety of other methods for obtaining Ta-MnO;
area contacts were unsatisfactory. These included pres-
sure contacts, pyrolysis of Mn(NOj) solutions on
wires or masked areas, and electrochemical deposition
by anodic oxidation of Mn* * solutions or by cathodic
reduction of MnO4~ solutions.

Cell emfs were measured with a Keithley Model
200B Electrometer in a completely shielded circuit.

MICROMETER DRIVE

INSULATOR RECORDER
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Fig. 1. Schematic diagram of point-contact experiment
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Fig. 2. Ta-MnO2 point-contact experiment; current decay at
successive constant voltages. (Note that time increases from right
to left.)

Point-Contact Experiments

The behavior of the current, when the anodic po-
tential on a tantalum point contact to MnQO, is in-
creased stepwisej is shown in Fig. 2. This is a photo-
graph of a portion of the recorder trace for a typical
experiment carried out in room air at room tempera-
ture. Each time the voltage is increased, the current
rises immediately and then undergoes a smooth de-
cay as the voltage is held constant. This behavior is
repeated each time the voltage is increased. Each cur-
rent decay at constant voltage will continue for hours
as shown in Fig. 3 which has been redrawn from a
similar recorder trace. (Strictly speaking, the meter
reading, which is 0.8v for the full-scale reading of
80 ua, should be subtracted from the applied voltage to
obtain the potential across the point contact.)

As the applied voltage is increased by approximately
equal increments, the current decay becomes less and
less steep; this also happens during anodic oxidation
in aqueous electrolytes since the increase in oxide
thickness, and hence resistance, created by the passage
of a given amount of charge is a decreasing percent-
age of the total thickness as the oxide growth pro-
ceeds to higher anodization voltages. This decrease in
the rate of current decay becomes much more pro-
nounced in the case of these point contact experiments,
however, as the applied voltage becomes larger than
50v. The beginning of the current decay becomes in-
creasingly sluggish, and a gradual increase in current
may even precede the decay. This behavior may be
due to local resistive heating under the point contact
which promotes the decay process. Above 80v the cur-
rent decay process becomes vanishingly slow and can
only be observed on recorder traces taken over sev-
eral hours.

The current decay process represents a permanent
and irreversible growth of resistance at the point. If
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Fig. 3. Long-term current decay during Ta-MnO2 point-contact
experiment.
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a tantalum point which has been anodized on MnO:; is
moved to a new spot on the surface, the resistance
created by the anodization moves with it, and further
anodization proceeds from a high applied voltage
without the low voltage formation observed with
freshly cut points. This is not possible to verify quanti-
tatively because of the uncertainty that the moved
point is contacting the MnOs with exactly the same
area, but the general validity is clearly apparent. An
electrochemical growth of resistance is thus occurring
on the metal point.

The efficiency of this solid-state, anodic oxidation
depends on the presence of moisture in the ambient
atmosphere. This is illustrated in Fig. 4 which sum-
marizes an experiment carried out in a vacuum desic-
cator. During the course of the experiment the Ta-
MnO; contact was alternately exposed to vacuum and
to room air while the current was decaying at constant
voltage. It is seen that the rate of current decay was
reduced when the system was evacuated and quickly
increased again when room air was admitted. If the
room air was admitted through a desiccant, the in-
crease in rate did not occur. This dependence on the
presence of moisture was more striking when the en-
tire system was baked out at 200°-300°C and placed
in a sealed container with a desiccant. Under these
conditions the anodization characteristics of the point
contact were extremely poor.

This electrical behavior of metallic point contacts
to MnO; is unique with valve metals with an anodic
potential. In the case of a valve metal point contact to
MnQ: with a cathodic potential on the metal, or for
noble metals such as platinum or rhodium with either
polarity, the behavior is very different. The contact
passes much higher current; there is no evidence of
current decay; and when sufficient current is attained,
e.g., 20 ma with 5v across the point contact, the cur-
rent drops abruptly and irreversibly to very low
values such as 0.01 pa. Microscopic examination will
then show a small crater blown in the MnO; and
evidence of oxidation on oxidizable metal points. It is
apparent that the MnO; has been thermally reduced
to lower oxides which are insulators compared with
MnO.. This is not a surprising result since the power
density under the point prior to breakdown will be of
the order of 10¢ w/cm? if the contact area is assumed
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Vol. 113, No. 1

to be 1% of the cross-sectional area of the wire on
which the point was cut. :

Niobium and aluminum point contacts on MnOs be-
have very similarly, but have not been studied in great
detail. All of these valve metals also give evidence of
solid-state anodization on PbO:. With the latter oxide
the current level is about a decade less than is usually
observed with MnQ., and the current decay is not as
smooth. No signs of anodic oxidation have been ob-
served with CuO, NiO (doped with Li2O), CdO, V20s,
and Nag.7 WOs.

Area-Contact Experiments

The anodic oxidation of tantalum point-contacts on
MnO; is a convenient demonstration of the basic cur-
rent-voltage behavior of the system, but it has the
great disadvantages of having an undefined contact
area and of not being amenable to capacitance meas-
urements. Thus numerous techniques were attempted
in order to obtain an experimental contact of known
and appreciable area. As previously described under
Experimental, only the deposition of tantalum dots
onto MnO; by cathodic sputtering gave satisfactory re-
sults. Several such samples were successfully anodized
to the vicinity of 20v. Data from one of these are sum-
marized in Table I It is apparent that the general be-
havior is very similar to that of the point-contacts.
The current decay in the case of sputtered contacts
was much less dramatic since the current densities, and
thus the fields, were held to a lower level (1-30 ma/
cm? in Table I) to avoid local breakdown within the
experimental area. The current efficiency of anodiza-
tion is very low, 0.01-0.001% (based on the formation
of 18A of TapOs per volt and a density for Ta:Os of 8
g/cm3), The quality of the dielectric is relatively poor
as indicated by the high final current and the dissipa-
tion factor. The capacitances of such samples are sub-
stantially less than would be obtained by the conven-
tional, aqueous anodization of tantalum to the same
voltage.

Ionic Conduction in Lower Oxides of Manganese

If this phenomenon consists of the simultaneous
electrochemical oxidation of the tantalum and reduc-
tion of the MnOs,, all phases between the metal and
the MnO; must have some ionic conduction. This is
obviously true for anodic oxides at high fields, but
there is no comparable information available for the
oxides of manganese. The following observations of
battery-like behavior for the Ta-MnQ: system give
qualitative information on this point.

MnO:; was applied to bare, porous tantalum pellets
(about 3/8 in. high by 3/16 in. diameter, available sur-
face area about 175 em2) by pyrolysis of a 50% aque-
ous solution of Mn(NOs),. This can be accomplished
with a maximum pyrolysis temperature of about 350°.
At higher temperatures there is a tendency for the
bare pellet to ignite and undergo catastrophic oxidation.
Ta-MnO; samples prepared in this manner proved to
be electrically inert. They exhibited erratic open-cir-
cuit voltages (OCV) of about 1 mv, and there was no
current decay when an anodic potential of a few volts
was applied to the tantalum. The samples were given
5-min heatings at increasing temperatures and tested
electrically. After heat-treatment at some temperature
between 400° and 500°, the particular temperature

Table 1. Anodization of 0.011 cm2 Ta dot sputtered onto MnO»
All measurements at room temperature; bridge measurements

at 1000~
Anodi- Anodi-
zation Initial zation Final Parallel %o
voltage current, ga time, hr current, ya cap, puf D.F,
0 — — — 5934 14.5
5.6 192 20 8 3974 9,38
7.0 68 40 13 3797 9.98
10.0 245 68 58 3554 10.6
17.0 — ~50 300 2665 8.99
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differing among the various samples, the electrical
properties of some samples changed drastically. A
stable OCV of 0.1-0.5v was observed, tantalum nega-
tive, which dropped slowly when loaded with 107
ohms. The voltage increased again after removal of
the resistive load. There was clear evidence of current
decay when an anodic potential was applied to the
tantalum. The extent of decay varied from barely per-
ceptible to a reduction of the current by half in 2 min.
As in the case of the point-contact experiments, the
increase of. resistance corresponding to the current
decay was a permanent effect. The anodic treatment
was continued up to 26v in one case although very
little permanent change occurred above 10v. When
the anodic potential was removed, the OCV dropped
steadily, changed polarity after 10-15 min, then con-
tinued to the order of tenths of a volt, tantalum nega-
tive. The observation of a stable OCV and an anodic
current decay always appeared together; no sample
exhibited one phenomenon without the other.

There was a wide range of behavior among various
samples, and some failed to exhibit anything other
than electrical inertness. The above description is
representative of those which did respond to heat-
treatment. Once electrical activity appeared in a sam-
ple, the behavior described above could be repeated
over and over.

It seems clear that the ability of the sample to un-
dergo solid-state, anodic oxidation is accompanied by
battery-like behavior. If the anodic oxidation-process
depends on the presence of a finite ionic contribution
to the conduction of all phases between the tantalum
and the MnOg, then the basic requirements for an
electrochemical cell are met: an active metal sepa-
rated from an oxidizing agent by ionically conducting
phases. The evidence that the observed OCV was an
electrochemical emf is:

1. The polarity was correct (Ta negative).

2. The systems could deliver significant current
(tenths of microamps) indefinitely.

3. The OCV rose quickly toward the original value
when a resistive load was removed.

4. After extensive application of anodic biases (tan-
talum positive) of up to 20v, the OCV always quickly
changed polarity back to that expected for an electro-
chemical emf.

The necessity for a thermal treatment to initiate
described behavior can be compared with the initial
behavior of the point-contact experiments. In the lat-
ter case there was usually no current decay at very
low voltages. At some point, usually at an applied po-
tential of about 5v, the decay began abruptly, fre-
quently while the voltage was being increased. This
may represent the need to supply sufficient resistive
heating to create the required chemical situation which
will allow the anodic oxidation to proceed.

In another experiment some current decay at con-
stant voltage was observed for a tantalum point on a
thin chip of MnyO3. The high resistance of the MnzOs
obscured the effect, but the current decreased by about
10% in 5 min at each of several successive voltage
levels. This suggests that oxygen can be withdrawn
electrochemically from even the MnyOj3 level, and that
the reduced manganese oxide phase formed during the
anodization process can have a lower oxygen content
than MnyOs.

Further experiments with electrochemical cells in-
volved the use of specific manganese oxides as electro-
lytes. Mn/MnyOs/O; cells made from pressed and sin-
tered MnpO; pellets, sandwiched between metallic
manganese and porous carbon electrodes, had barely
perceptible emfs (0.1-1.0 mv). The d-c resistance of
the Mn;O3 was about 30 megohms. This indicates a
very small ionic contribution to the total conduction
in MnyOs, although such experiments must be inter-
preted cautiously since other manganese oxide phases
may form spontaneously at the Mn-oxide and oxide-
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air interfaces. Similar cells made from Mn3O4 pellets
had no observable emf, but since the d-c resistance of
the pellet was 10" ohms it is dubious that the equip-
ment was sufficiently sensitive.

Recent work by Otto on equilibria for the reactions

2Mn203 4 Oz = 4MnO; [2]
4Mn304 + Oy = 6MnyO3 [3]

gives evidence of oxide ion mobility at high tempera-
tures in both MnyO3; (6) and Mn3zO4 (7). In the case of
reaction [3], the recombination of MngO4 with O: at
about 900° was only about five times slower than the
dissociation of MnyOg at slightly higher temperatures.
For reaction [2] the oxidation of Mn.O; at 555° was
extremely slow, but it was still detectable. In both
cases the observation of a recombination reaction of
finite rate implies oxide ion motion, although the re-
sults of the two oxide systems cannot be compared
because of the different temperatures involved.

Discussion

All of the observations are consistent with the hy-
pothesis that this phenomenon is a solid-state analog
of the anodic oxidation of a valve metal in an aqueous
electrolyte. Only typical valve metals demonstrate the
eff_ect and only when made anodic with respect to the
oxide phase. The growth of resistance is permanent,
and at least some of the resistance is associated with
the valve metal as shown by the point-contact experi-
ments.

The following mechanism is proposed for this solid-
state anodic oxidation; Figure 5 is a cross section of
sucl_l an experiment and illustrates aspects of the fol-
lowing discussion. At a contact between tantalum and
MnOz there will occur a spontaneous chemical oxida-
t19n of the tantalum and reduction of the MnOs. This
will be enhanced by the local heating which will result
frqm the passage of current when a potential is ap-
plied. Both TayOs and reduced MnQ; are poor conduc-
tors compared with tantalum and MnO; so that a volt-
age drop will build up across these regions. If these
phases have finite ionic conductivities and, if the fields
across them become sufficiently high, oxide ions will
flow from the MnO: through the reduced oxides of
manganese and tantalum ions will flow through the
TazOs. These ions will combine to form TayOs at the
TasOs5-MnO; interface. [For simplicity of discussion,
ion flow through the Ta20s will be assumed to consist
only of tantalum ions, although this is probably not
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Fig. 5. Schematic representation of the solid-state anodization
process.
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the case (8). Likewise, the ion current through the
MnO,, which will denote the reduced manganese
oxide phase, may consist of oxide ion vacancies.] Thus
there will be a simultaneous formation of Ta,Os at
this interface and of MnQO, which will extend into the
original MnQs. Both of these new phases will be poor
conductors, and all phases between the tantalum and
the MnO, must have some ionic conduction to support
the ionic current necessary for further film growth.
The current efficiency of the process will be roughly
determined by the ratio of ionic to electronic conduc-
tivity in the phase having the least ionic conduction.
For most experiments this efficiency is of the order
0.01-0.001%, although more information is needed for
a quantitative evaluation of this figure.

We have been unable to characterize chemically the
phases which are formed. Thus it is not known
whether the MnO, phase consists of one distinct oxide
such as Mnz0;, Mn3O4, or MnO, a succession of oxide
layers, or a continuous gradation of composition from
MnO: to some oxygen-poor phase at the Ta»Os surface.
The small emfs observed for Mn/Mny0O3/O; cells and
the evidence for thermal oxidation of Mn2Q3; lend sup-
port to the idea of ionic mobility in this oxide, and the
solid-state electrochemical reduction may proceed
somewhat beyond this as indicated by the observation
of some resistance build-up for a tantalum point on
Mn2O3, and by the evidence of oxygen mobility in
Mn3O4 at high temperatures.

The tantalum oxide phase created by this process
has not been actually identified, although it is as-
sumed to be essentially TazOs. The high electronic cur-
rent densities observed for these experiments lead to
the suspicion, however, that this Ta;Os is defective in
some sense. Possibly some Mn+3 is incorporated into
the Tap0Os since Mn*3 and Ta*3 have nearly equal
ionic radii. An alternative explanation for the high
current could be that the major rate-determining step
in the electrochemical reaction is the flow of oxide ions
across MnO, which may be a predominantly electronic
conductor. Thus sufficient voltage must be applied to
supply adequate field across the MnO, to obtain a
detectable flow of oxide ions which can be accom-
panied by a relatively large electronic current. Mean-
while the flow of tantalum ions across the Ta0s will
be restricted by polarization due to the limited supply
of oxide ions with which they can combine. Thus the
field across the Ta:Os may exceed the normal fields for
anodic oxidation in aqueous electrolytes and may lead
to high electronic currents. In addition, the MnO; may
represent a good electron-injecting contact to the
Tas0s.

It is apparent that the cathodic oxide phase must
meet certain requirements in order to support the
anodic oxidation of valve metals. It must be a good
source of oxygen and should be a fairly good conduc-
tor. The lower oxide phases formed by the extraction
of oxygen to form the valve metal oxide must be
poorer conductors than the parent oxide. If this were
not the case, there would not be sufficient field across
these lower oxides to sustain the required flow of
oxide ions. Only MnO; and PbO; have been found to
meet these requirements. Both are good conductors
and good oxidizing agents, and the lower oxides of
both are very poor conductors. These oxides are un-
usual in this respect since the oxides in which the
metal is in its highest oxidation state, or is exhibiting
the oxidation state typical of its column in the Periodic
Table, are generally insulators whereas the lower
oxides are conductors. This is best exemplified by such
transition metal oxides as those of titanium and tan-
talum. Thus the range of suitable oxides is very nar-
row.

Although the solid-state anodization is analogous to
the conventional anodization in a liquid electrolyte,
the differences are very important and greatly com-
plicate any quantitative interpretation. In the liquid
system the reduction product is hydrogen gas which
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escapes from the system. Ionic mobility in the electro-
lyte is high and, with the aid of agitation, the electro-
lyte remains homogeneous. On the other hand, the re-
duction - product in the solid-state process must be a
lower oxide of manganese, and it must be localized
adjacent to the Taz0s. Since the lower oxides of man-
ganese are poor conductors, the applied voltage will
be divided between the TazO; and the MnO,. The
MnO, layer may be substantially thicker than the
TasOs. A simple calculation shows that, if MnO; is
MnO, the volume will be 1.3 times that of an equiva-
lent amount of Taz0s; and, if MnQO; is MnzO;, the
volume factor is 3.5. In the absence of detailed knowl-
edge of the thicknesses and resistivities of all phases,
the voltage distribution is unknown.

The initial capacitance of the sample described in
Table I indicates that there is a significant thickness
of dielectric prior to anodization. If this initial capaci-
tance were due solely to Ta:05 with a dielectric con-
stant of 27.6, it would correspond to a thickness of
about 450A, which is unreasonably high for a ther-
mally formed film. If this capacitance were determined
by a layer of reduced manganese oxide having a di-
electric constant of 5, it would correspond to a thick-
ness of 80A, which is reasonable, Since it is likely that
the MnO, has a dielectric constant which is substan-
tially smaller than the unusually high value of 27.6 for
TagOs5, and since the MnO, will be thicker than an
electrochemically equivalent amount of Tag0Os5, it is
reasonable that the capacitance of these samples is
determined essentially by the MnO,.

Plots of equivalent series resistance vs. the recipro-
cal frequency and of the reciprocal series capacitance
vs. log frequency were linear and the ratio [Al/Cg/
alog f1/[aRs/Al/f] was found to be 8.5 and 9.4 for two
examples. These values are close to the value of 4 In
10 = 9.2 which is typical of anodic oxides (9).

As the solid-state anodization proceeds, the current
measured at any particular voltage below the anodiza-
tion voltage decreases, giving further evidence that
the process involves a permanent increase of resist-
ance. Figure 6 shows a plot of log i vs. (V/Vy)1/2 for
a tantalum point contact formed on MnOs,. i represents
the observed current, V the applied voltage, and V;
the formation voltage. The thickness of the oxide is
assumed to be proportional to Vi so V/Vy is propor-
tional to the field across the oxide. For this experiment
the point was anodized at successive 10v increments
for 1 hr each. After each formation the current was
measured at decreasing 5v intervals. The data shown
are representative of several similar experiments,

The current is proportional to exp (V)!/2 not only
for voltages below the anodization voltage, but for the
anodization voltage itself and for the initial, transient
current which is observed as the voltage is increased

CURRENT IN AMPS
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Fig. 6. Current-voltage characteristic for Ta-MnQg point-contact
anodized for 1 hr at successive 10v intervals.
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above the anodization voltage, i.e., (V/V§)1/2 > 1 in
Fig. 6. This I-V behavior is a well-known characteris-
tic of electronic leakage currents (10). This behavior
suggests that the observed current in these experi-
ments is essentially all electronie, even during the
initial, rapid current decay, and that the current decay
during anodic oxidation represents the electronic leak-
age current which is decreasing as the electrochemical
reaction proceeds by means of an imperceptible ionic
contribution to the total current. This concept is in
accord with the estimated current efficiency of 0.01-
0.001% since the latter figures also represent the over-
all ionic contribution to the total current.

When the point-contact anodizations are carried on
until the current-decay essentially ceases (about 30
hr is generally sufficient), the data corresponding to
that of Fig. 6 all fall on one line, indicating that the
current-field relationship is independent of the thick-
ness. The apparent thickness-dependence seen in Fig.
6 is merely a result of the fact that each successive
anodization was less complete because of the decreas-
ing current efficiency, and, as a consequence, the
anodization voltage was not a valid measure of the
relative dielectric thickness.

One can only speculate about the role of water in
this mechanism. It is clear from the point-contact ex-
periments that the process is aided by the presence of
ambient water vapor. It is possible that the availability
of water allows oxygen to move through the manga-
nese oxides in the form of hydroxide ions rather than
as oxide ions, since the attachment of a proton to an
oxide ion reduces the charge by half but increases the
size if the ion by only 10%. The lower charge and the
polar nature of the hydroxide ion may reduce the bar-
riers for oxide motion. A similar argument has been
proposed for oxygen migration through anodic oxide
films on aluminum by Hoar and Mott (11). Another
possibility is that the water allows the manganese oxide
to maintain the Mn: O ratio of MnQO; even after reduc-
tion, thus eliminating the necessity of a change in
structure. This would be analogous to current theories
about the discharge of the MnO; cathode in the Le-
clanché cell where it has been suggested that the
reduction requires only the migration of electrons and
protons (12)

MnO; + e~ + H¥ = MnOOH

MnOOH is equivalent to MnyO3-H;0. The ramsdellite
(MnO,) -groutite (MnOOH) system is a good example
of such a relationship (13).

The pertinence of the observations described here
to the solid electrolyte capacitor will be readily ap-
parent to those familiar with this component. In this
device the MnO; replaces the liquid electrolyte which
is used in conventional “wet-electrolytic” capacitors
to maintain the electrical integrity of the oxide dielec-
tric. The liquid electrolyte clearly serves as an elec-
trochemical source of oxygen, but the mechanism by
which the MnO: functions has never been clarified.
The evidence presented here indicates that it can also
seal off points of high leakage current when it is ther-
mally decomposed by local, resistive heating to lower,
insulating oxides. Evidence of both of these mechan-
isms can be observed during the reanodization of
capacitors after the MnO; has been applied. The solid-
state anodization results in a smooth decay of current
al constant voltage, or increase of voltage at constant
current; while sharp current spikes at constant volt-
age, or voltage dips at constant current, are believed
to represent local breakdown of the dielectric which
is healed by thermal decomposition of the adjacent
MnO;. If the amount of dielectric healing is sufficiently
extensive, the characteristic battery-like behavior of
these areas may become apparent. This effect, coupled
with residual voltages of the type described by Dreiner
(14), may account for some of the complicated open-
circuit voltage behavior reported for Ta-TazOs5-MnOs
capacitors by Law and Richards (15).
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The Spectral Response of the Short-Circuit
Photocurrent in Anodized Niobium Electrodes

R. A. Scheil! and R. E. Salomon
Department of Chemistry, Temple University, Philadelphia, Pennsylvania

ABSTRACT

The spectral response of the short-circuit photocurrent in anodized niobium
electrodes of the form Nb/NbsOs/M, where M is a thin semitransparent metal,
has been determined. Measurements were performed as a function of the light
intensity and oxygen pressure in the range 10—4-760 mm Hg. The light in-
tensities were of the order of 101! photons/sec cm2. The most unusual result
was that structure was exhibited in these curves. This is interpreted in terms
of interband transitions. Since the band structure of the oxide is unknown,
the discussion is qualitative. The structure changes slightly with oxygen pres-
sure. The photocurrent exhibited a maximum when viewed as a function of
the oxide film thickness. A trapping scheme is postulated to explain the cur-
rent-light curve characteristics. This is based on an exponential distribution
of traps. The superlinearity is interpreted in terms of a redistribution of these

trapping states on illumination.

A great deal of interest in anodic oxide films has
been exhibited during the past fifteen years. Photo-
voltaic cells, consisting of an anodized metal and a
semitransparent metal coating, were first demonstrated
by van Geel et al. (1).

It is well known that the spectral response of the
photocurrent can be as sensitive a device as the ab-
sorption spectrum for obtaining knowledge of the in-
trinsic absorption region in semiconductors and in-
sulators. Anodic oxide films of niobium are insulators
with the fundamental absorption edge falling around
3400A (2-4). These measurements indicate strong ab-
sorption (E = 105-106 c¢cm~—1!) which has generally
been assigned to band-to-band electronic transitions.

Photovoltaic effects are known to occur with ano-
dized zirconium, niobium, tantalum, and aluminum
electrodes (5). A great deal of difficulty has been ex-
perienced in attempts to elucidate the nature and
mechanism of these effects. The convenient observable
here is the short-circuit photocurrent. The open-circuit
photovoltage is not convenient because an open-circuit
photovoltage for a given set of parameters is generally
not reproducible in these systems. There is also much
difficulty encountered when making measurements of
the normal photocurrent (i.e., with an externally ap-
plied field). Precisely establishing the value of the
dark current and re-establishing that value subsequent
to the decay of the photocurrent is most difficult. The
problem of electrical noise is also greatly reduced
when one measures the short-circuit photocurrent. A
spectral response study of the short-circuit photocur-

1 Present address: United States Army, Picatinny Arsenal, Dover,
New Jersey.

rent in these systems has never been reported. This
paper deals with the determination of the spectral
response of the short-circuit photocurrent in cells of
the form Nb/NbsOs/M, where M is a thin, semitrans-
parent evaporated metal film. The oxide films ranged
in thickness from 750 to 3000A. The evaporated metals
utilized were copper, silver, and gold. Polycrystals as
well as single crystals of niobium were used in this
study. These measurements were performed as a func-
tion of the light intensity (absolute) and oxygen
pressure.
Experimental Procedure

Electrode preparation.—The niobium electrodes were
prepared using both polycrystalline and single crystals.
The impurity content of the single crystals was, in
parts per million: O(50), C(100), H(10), N(400),
Fe(<1000), W(<100), S(<30), Cd(«<100), Si(<100),
Cu(<10), Mn(<10), Ni(<10), and Mg(<1). The single
crystals were pulled in the (100), (110), and (111) di-
rections. The sample dimensions were approximately
3 in. in diameter and % in. long. A platinum wire, en-
cased in a ceramic tube, was mounted in a hole drilled
lengthwise through the specimen near the periphery.
This was used to provide electrical contact to the
evaporated, semitransparent metal film. Edge effects
were eliminated by suitable masking. Care was taken
to insure uniform thickness of the evaporated metal
from one experiment to another. A surface of the
specimen was abraded with various grades of emery
paper. This was followed by wet-polishing and chemi-
cal etching in a solution consisting of 15 parts HF, 75
parts HNO;, and 10 parts water. After etching, the
pieces were washed thoroughly with distilled water.
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Samples were then anodized at constant polarization
voltages in a 0.05M sodium borated-boric acid solution
buffered to pH 8. This was done in a constant tempera-
ture water bath at 20°C. For polarization voltages
above a few volts, the oxide grows approximately
30 A/v if the field is maintained for several hours
(2, 6). Final leakage currents at a formation voltage of
75v were typically 2 wa/cm2. Hereafter, the thickness
of the oxide films will be given in terms of formation
voltage. The oxide films exhibit interference colors
characteristic of their thickness. An illustration of a
completely prepared electrode is shown in Fig. 1. The
time between anodization and measurement was kept
below two days, and the time between completion of
the electrode and measurement was a few hours,
Electrodes were stored in vacuum desiccators when
not in use.

Optical assembly.—The light source was a Hanovia
1000w, air-cooled, high-pressure mercury-xenon arc
lamp. The source intensity was monitored by reflect-
ing a portion of the light from an aluminum mirror on
to a Photovolt type B photocell which served as the
search unit of a model 500M photometer. A Bausch
and Lomb monochromator with a linear dispersion of
66 A/mm was utilized in this study. A Kipp thermo-
pile was used to reduce the measurements to an ab-
solute basis.

Cell compartment.—The electrode cell consisted of a
demountable Dewar fabricated from standard-tapered
glass joints of fairly large diameter with provisions
for electrical, temperature, and pressure measure-
ments. A quartz window was sealed into the cell. The
cell was connected to a vacuum and gas inlet system.

For the oxygen pressure dependence measurements,
the following procedure was adopted. The entire sys-
tem was flushed repeatedly with oxygen and then
evacuated to a pressure of about 10—¢ mm Hg. This
pressure was maintained for more than 12 hr by con-
tinual pumping. For measurements at other pressures,
the electrode was first allowed to equilibrate for 1 to
2 hr. The system was such that the pressure could be
maintained at a fixed value for more than 12 hr under
static conditions.

Although photocurrents were detected at wave-
lengths as long as 40004, a thorough investigation of
the spectral response for wavelengths greater than
3700A was precluded because of the small signals.

For all measurements both entrance and exit slits of
the monochromator were fixed at 0.40 mm. Greater
resolution could only be obtained at the expense of
light intensity. The weak intensity between 2400-2660A
and 3341-3660A precluded any investigations of the
light intensity dependence in these regions.

Photocurrents were measured in terms of the po-
tential drop across a 20 megohm resistor. The current
was not sensibly changed when a 5 megohm resistor

Epoxy
cement

Ceramic

Anodic Evapora-
oxide  ted

Niebium film metal
[ilm

Fig. 1. Schematic illustration of a typical electrode
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was used and hence the parameter studied was a short
circuit photocurrent.
Results

Upon irradiation niobium always became negative.
Short-circuit photocurrent measurements did not show
any significant dependence on the crystallographic face.
Consequently, results will be given only with refer-
ence to measurements obtained with polycrystalline
samples.

The spectral response curves have been determined
as a function of the radiation wavelength at a constant
photon intensity. At a particular wavelength of in-
cident radiation the short-circuit photocurrent varied
with light intensity according to the relationship,
I, = CL", where C is a constant, L is the light inten-
sity, and n is a constant whose value was found in
general to lie between 0.5 and 1.0 although values as
low as 0.3 and as high as 2.5 were found. A plot of the
logarithm of the photocurrent wvs. the logarithm
of the light intensity always yielded straight lines.

The photocurrents were found to reach a steady
value after a few seconds. Figure 2 shows a typical
spectral response curve for the short-circuit photocur-
rent for a Nb/NbaOs5(100v)/Cu electrode. Similar
curves were obtained if silver or gold were utilized
as the second contact. The shape of these curves was
quite reproducible although the actual photocurrent
measured when two electrodes were treated similarly
might differ by 10%. No simple relationship between
photocurrent and oxygen pressure was found. How-
ever, comparison of Fig. 2 and 3 reveal a shift in a few
peaks with oxygen pressure. The general shape of the
curves remained the same however. ‘The shapes of
the spectral response curves were independent of oxide
film thickness. If the photocurrent is plotted as a func-
tion of formation voltage a maximum occurs at 75v as
can be seen by Fig. 4. The measurements are reduced to
absolute incident intensities. No correction for reflec-
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Fig. 4. Variation of short-circuit photocurrent with film thickness
at light intensity of 3.6 x 1011 photons/sec. O) = 3130A; e} =
2700A; T = 20°C; Pgy, = 1.1 x 10~¢ mm Hg.

tion and absorption by the evaporated metal film was
made. However, a quartz microscope slide coated by
evaporation with a thin semitransparent layer of cop-
per was found to have a monotonic transmission spec-
trum down to 32004 and transmitted more than 85%
of the light.

The short-circuit photocurrent decreased with de-
creasing temperature and at liquid nitrogen temper-
atures the signals were too small to monitor by the
method used. Activation energies were found to lie be-
tween 0.1 and 0.2 ev.

Discussion

The observation of structure in the spectral response
curves of the short-circuit photocurrent was rather
surprising in view of the fact that there is no con-
comitant structure in the absorption spectra of the iso-
lated oxide films (2). A single peak, close to the ab-
sorption edge, in the spectral response curve could be
explained in terms of a high recombination rate due
to strong absorption (7).

The peaks and valleys cannot be ascribed to optical
interference effects because the structure is independ-
ent of the oxide film thickness. It is also apparent that
neither oxygen nor the nature of the evaporated metal
contact determine the number and location of the
peaks. This rules out photoexcitation from the evap-
orated metal contacts. In order to completely explain
action spectra of this type, one must have a knowledge
of spectral transition probabilities and the constant

-
energy surfaces in k space. Although this information
is not available, the observed monotonic absorption
spectra might be due to oscillations in the dependence
of effective mass on momentum.

It may be noted that recent work (8, 9) on shallow
p-n junctions of silicon, germanium, and gallium ar-
senide show structure in the intrinsic region for re-
flectance and photoresponse measurements. There does
not appear to be a one-to-one correspondence between
photoresponse and reflectance for the measurements

January 1966

on silicon. The band structures of these materials have
been extensively studied and are quite complex. The
structure may be interpreted in terms of a nonequi-
librium effect and recombination processes. This mech-
anism may also apply to the electrodes described in
this paper.

The absorption spectra of isolated anodic niobium
oxide films gives a long wavelength limit of absorp-
tion of about 3500A (2). This value was in agreement
with a previously reported value of 3400A (3). Con-
lon and Doyle (4) determined the absorption spec-
trum of the evaporated oxide and arrived at a value
of 3350A. The latter spectrum extended down to 20004
whereas that of Salomon et al. was determined to about
2700A. However, both showed sharp absorption edges
and very high absorbance indices values. Although
Salomon et al. determined the absorption spectra using
the anodic oxide films, these films were first removed
from their bulk metal substrate. This would tend to
remove a fair amount of stress and might cause some
dissolution of the oxide. Hence differences in film
behavior between mounted and free films should be
recognized. This could account for the observation
of photoconduction in these electrodes occurring at
wavelengths as high as 40004,

It was found that if the photocurrent is plotted as
a function of the oxide film thickness a maximum
occurred. This can be readily accounted for by con-
sidering the oxide film to be optically anisotropic. By
considering a small gradient in the absorption coeffi-
cient and using the relation, dI = —Iadx one may
indeed show that the photocurrent-thickness curve
will have a maximum.

The small activation energy for photoconduction
combined with the slow decay may suggest the exist-
ence of a wide range of trap depths. Shallow traps
would be thermally emptied and contribute to the
small activation energy. Deep traps, which might be
relatively unaffected by temperature variations, would
lead to long decay times.

A model based on an exponential trap distribution
(10) is able to account for the usual results of the
dependence of the photocurrent on light intensity.
Superlinearity (n-values > 1) in the photocurrent
dependence on light intensity might be explained by
modification of this model.

Manuscript received April 27, 1965; revised manu-
script received Aug. 23, 1965. This research formed
part of a dissertation submitted to the Temple Uni-
versity Graduate Board in partial fulfillment of the re-
quirements for the Ph.D. degree. This work received fi-
nancial support from the United States Atomic Energy
Commission.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1966
JOURNAL.
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The Electrical Conductivities and the Structural
Properties of Molten PbCI,-PbS Mixtures

I. Structural Properties

M. C. Bell' and S. N. Flengas

The Department of Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada

ABSTRACT

The phase diagram and the densities for the lead chloride-lead sulfide
system were determined. The phase diagram is simple, with one weak in-
congruently melting compound for which the x-ray diffraction patterns were
measured. Calculations from the phase diagram indicate that lead sulfide is
dissociated in the liquid mixtures. The liquidus lines for PbS, NaCl, NaF, and
KBr added to lead chloride were also determined and showed that pure liquid
lead chloride contained ions other than simple lead and chloride ions. The
molar volumes of the mixtures are almost ideal with only slight positive de-

viations from additivity occurring.

In previous publications (1, 2) some thermodynamic
properties and the electrical conductivities of molten
silver chloride-silver sulfide mixtures were deter-
mined. This paper presents the determination of the
phase diagram and the densities for the molten lead
chloride-lead sulfide system. The usefulness of these
measurements in indicating the structural properties
of the systems and their relationship to the electrical
properties was illustrated in the previous work. Lead
sulfide has the NaCl structure, a high melting point
and a high heat of fusion, and is therefore expected to
be fairly ionic in nature.

Experimental

Preparation of materials.—Lead sulfide was pre-
pared by the direct reaction of stoichiometric amounts
of zone-refined hydrogen-reduced lead and distilled
sulfur, in sealed evacuated quartz capsules.

Reagent grade lead chloride was heated under vac-
uum for several days, melted, and then filtered through
a fritted Pyrex disk by applying an argon pressure
to the upper compartment of the tube containing the
melt. The tube was allowed to cool slowly, and trans-
lucent crystals from the outside of the tube were
taken for use.

Phase Diagram Studies.—Liquidus points were de-
termined by cooling curves carried out in sealed Pyrex
or quartz tubes. For the chloride-rich solutions, the
cells were evacuated to a few microns pressure and
then filled with enough dried purified argon to give
approximately 1 atm pressure at the operating tem-
perature. These cells had a sealed side arm feeding
tube containing weighed pellets of solute and a small
magnet, so that a number of liquidus points could be
determined with the same cell. On the sulfide side,
small quartz capsules, completely sealed, were used.
The furnace was cooled at the desired rate, generally
0.5-2.0°C/min, by controlling the speed of a revers-
ing d-c¢ motor which drove down the furnace variac
through a 250,000 to 1 gear reductor. The output from
the thermocouples was recorded on a 1 mv full-scale
L&N recorder, with most of the thermocouple output
being compensated with a potentiometer. Generally,
two thermocouples at different positions in the melt
were recorded. The melt was mixed by rocking the
entire furnace, The thermocouples were sheathed in
close fitting Pyrex or quartz tubes blown into the
cells. The bottom of these tubes was drawn out to a
thin point to obtain the best possible thermal contact
with the melt. A thermocouple depth of immersion of
about 1% in. was used, as this immersion was re-

1Present address: Department of Metallurgy, Royal School of
Mines, Imperial College, London, England.
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quired to obtain the same freezing point reading when
cooling or heating a pure salt. The thermocouples
were 24-gauge chromel-alumel, or 0.015 in. platinum-
platinum rhodium, and were calibrated under identical
experimental conditions, by cooling curves taken on
zone-refined tin and silver. The sensitivity of the re-
corder was approximately 0.1°C for chromel-alumel
thermocouples, and 0.25°C for the platinum-13%
rhodium thermocouples. On calibration, the repro-
ducibility of the measured freezing points was gener-
ally 0.25°C for the same sample, and up to 0.5°C for
different samples with different cells and insulation in
the furnace. Supercooling could generally be kept be-
low 1.5°C by vigorous mixing or tapping the cell
sharply. If more than this amount of supercooling oc-
curred, the melt would not heat up to the correct
liquidus temperature for the solutions.

Density measurements.—The densities for the molten
mixtures were determined using the apparent loss in
weight method described in a previous publication
(1). The entire system was evacuated to a few microns
pressure at 150°C and then filled with a positive pres-
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sure of dried purified argon for the measurements.
Small corrections due to material condensing on the
quartz fiber were determined by weighing the quartz
fiber suspension before and after a density determina-
tion,

Results and Discussion

Phase diagram measurements—The determined
phase diagram is shown in Fig. 1. Eight determinations
of the melting point of lead chloride gave the value
of 499.1°C with a standard deviation of 0.17°C. This
value is quite close to values quoted in the literature
(3, 4). The measured melting point of pure lead sul-
fide was 1111.9°C; this compares well with other re-
ported values of 1112° and 1110°C (5, 3). The meas-
ured eutectic temperature is about 10°C higher than
that reported by Winterhager (6), but very close to
that reported by Urazov (7). It was observed in one
cell that cracked that a small amount of air in the
system rapidly lowered the measured eutectic tem-
perature. Despite the high melting point of lead sul-
fide, there is seen to be a substantial liquid region in
the phase diagram even at low temperatures.

X-ray analysis of material cooled from the chloride
or the sulfide side of the diagram, showed no measur-
able shift in the lead chloride or the lead sulfide peaks,
even at high diffraction angles. The measured relative
intensity of the respective peaks was the same as ob-
served for the pure components. Solid solubility in
the system is then slight, if it occurs. Material which
solidified at eutectic composition showed a new series
of diffraction peaks, indicating that the phase diagram
is not a simple eutectic diagram. The intensity of these
peaks was much higher than the lead chloride peaks.
The measured diffraction angles and relative inten-
sities are given in Table I. The measured angles and
intensities for pure lead chloride are also given in
this table. Although the positions of the peaks were
identical with the values reported by Swanson (8),
in most instances, the relative intensities of the peaks
are quite different.

Lead chloride prepared by fractional crystallization
from an aqueous solution gave the same relative in-
tensities with several methods of mounting the speci-
mens. The diffraction peaks for lead sulfide were
identical with those reported by Swanson.

Cooling curves taken on the sulfide side, close to
the eutectic, could not detect any liquidus line, prob-
ably because of the slowness of the reaction to form

Table I. X-ray data for the incongruently melting compound
in the lead chloride-fead sulfide system

Incongruently

melting compound Pure lead chloride

Rel-
ative
inten- d spac~ Swanson and
20 sities ings, A Fuyat (8) This study
Rel- Rel-
ative ative
inten- inten-
24 sities 24 sities
22.45 22 4.15 19.62 18
23.0 19 3.87 21.92 34
23.65 39 3.77 22.84 73 22.8 12
26.0 96 3.42 23.32 43 23.2 19
33.45 100 2.678 24.87 100 24.85 71
36.1 39 2.488 30.2 7
38.2 48 2.355 30.6 23 30.7 31
39.1 12 2.310 32.22 56 32.3 T2
41.05 36 2.200 35.74 48 35.75 59
42.7 23 2.117 38.04 4 38.10 14
43.2 12 2.093 39.7 23
43.6 32 2.074 39.83 24 39.8 100
46.4 8 1.857 40.7 28 40.8 31
48.9 41 1.863 41.67 10
49.3 14 1.848 41.98 32 41.9 55
50.9 5 1.794 43.07 38 43.15 55
51.9 11 1.760 44.68 4 44.7 6
59.2 5 1.561 46.28 18
60.2 10 1.537 48.64 13 46.6 10
60.8 14 1.523 47.66 5
66.9 10 1.398
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the incongruently melting compound. The arrow on
the phase diagram indicates that a decanted sample
obtained from a melt held at 550°C showed that solid
lead sulfide, identified by x-ray analysis, was in equi-
librium with the melt. Since there is an incongruently
melting compound in the system, the eutectic line on
the sulfide side drawn through the points measured on
continuous cooling may not represent part of the equi-
librium diagram. It is evident from the phase diagram
that the tendency toward compound formation is very
slight in this system.

Cryoscopic Calculations.—The activity of the solvent
at a liquidus temperature may be readily calculated
from the van’t Hoff equation

I AHpg [ 1 1 ] o
na = —_——
ity R LT T

where, the heat of fusion of the solvent may be as-
sumed to be temperature independent over a narrow
temperature range. Tr and T are the melting and the
liquidus temperatures, respectively, and ar; repre-
sents the activity of the solvent at a liquidus temper-
ature with respect to pure supercooled liquid solvent
as the standard state.

Considering the solution to be ideal, the theoretical
liquidus may be calculated from Eq. [1], using the
appropriate expressions for the activity of an ionic
salt in an ideal solution.

For an ideal ionic mixture, in which the component
salts AtX~ and Bt*+Y—, are completely dissociated,
and randomly distributed, the activity of the species
B+ +Y—yis given by Temkin (9) as

aB++y—2=NB++ 'Nzy— [2]

where the ionic fractions are defined as:

N+ +
Np++ =r——
(4-veions)
and
Ny —
Ny—=——
(-veions)

For a reciprocal system of this type, however, the
activity relationship must be modified to include the
partial molar heat of mixing that appears because of
the heat of the following exchange reaction

B++Y—3 4 2A+X— = 2A+Y~ 4 B++X—, [3]

Considering only first order interactions, and a regular
solution model, the partial molar heat of mixing in an
ideal reciprocal system is given (10) by the equation

(AH) g+ +y—g = Ng+ - Ng— + AHO%xen. [4]

where AH%cn. corresponds to the heat of the exchange
reaction [3], calculated from the heat contents of the
components in their standard states at the specified
temperature of the mixture.

The activity of the components B+ +Y—5 is then cal-
culated from the relationship

log dg++y—g = log Ng++ - NZY_ -+
AI'Ioexch.

2.3 RT

The activity equation is expected to hold in concen-
trated solutions of the component B++Y~—3 and may
be considered as particularly useful in cryoscopic cal-
culations.

For a mixture having a common ion, e.g., AtY—
and B*+Y—y, the equation simplifies to the familiar
Temkin expression

(NA+ * Nx—) M

ag++y—g = Ng++ - N2y~ [61

An enlargement of the phase diagram on the lead
sulfide side and the “ideal” liquidus, calculated from
the van’t Hoff equation, is shown in Fig. 2.
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Fig. 2. Lead sulfide side of the phase diagram of the systems,
PbS-PbCly, and PbS-BaCls: line A, calculated on the basis of the
mole fraction; line B, experimental; line C, calculated on the basis
of a'pps given in Table Il; line D, calculated on the basis of
a’pps given in Table II. The points are the measured liquidus tem-
peratures. @ PbS-PbCls, ® PbS-BaCls.

For the calculation, the reported heat of fusion of
lead sulfide (3) was used, as well as the “ideal” ac-
tivities given in Table II,

In Table II, column 1 gives the mole fraction com-
position, column 2 the Temkin activity which is valid
only for systems having a common ion, and column 3,
the “ideal” activity for a reciprocal salt mixture. The
activity calculated from the experimental results, using
the van’t Hoff equation, is given in column 4. The ac-
tivity coefficient is then obtained by dividing the ex-
perimental activity by the corresponding ideal ac-
tivity.

For the PbS-PbCly system, the measured liquidus
lies above the ideal line, indicating positive deviations
from ideality. The deviations could be caused by an
error in the reported heat of fusion of lead sulfide,
by a number of associated PbS species existing in so-

Table H. Activity calculations

Npv++-NZ-  a’puoi,
System Xpbol, (Temkin) {calc. appoi,
ideal) (expt.) ~PbCly

1. PbCl:-PbS 0.98 0.9799 — 0.9849 1.005
(common ion) 0.96 0.9598 — 0.9730 1.014
0.94 0.9392 —_ 0.9550 1.016
2. PbCl:-NaF 0.98 0.9630 0.9634 0.9725 1.009
(reciprocal) 0.96 0.9212 0.9225 0.9502 1.030
0.94 0.8828 0.8860 0.9133 1.030
3. PbCl:-NaCl 0.98 0.980 — 0.9777 0.988
{common jon) 0.96 0.960 — 0.9552 0.995
0.94 0.940 —_ 0.9350 0.994
4. PbCl;-KBr 0.98 0.9630 0.9628 0.9714 1.009
(reciprocal) 0.96 0.9212 0.9205 0.9458 1.027

0.94 0.8828 0.8670 — —_—

a’pus
Npp++-Ne—-  (calc. apps

System Xppbs  (Temkin) ideal) (expt.) PbS

5. PbS-PbCl; 0.98 0.9608 — 0.9750 1.014
(common ion) 0.96 0.9231 — 0.9384 1.016
0.94 0.3868 — 0.9053 1.020

6. PbS-BaClz 0.98 0.9416 0.9421 0.9451 1.002
(reciprocal) 0.96 0.8862 0.8897 0.8882 0.998
0.94 0.8336 0.8435 0.8374 0.993
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lution, or by the presence of associated lead chloride.
In order to differentiate between the most probable
cause of the deviations, an ionic salt-like barium chlo-
ride was added to lead sulfide, and the new liquidus
was determined. The ideal activity of lead sulfide in
the PbS-BaCl, system was calculated and is given in
Table IL

The excellent agreement between the ideal and the
experimental activities for lead sulfide indicates that
this system is well described by the ionic model. The
agreement indicates further that lead sulfide behaves
as a dissociated liquid, suggesting indirectly that the
positive deviations from ideality in the PbS-PbCl.
system may be caused by association in lead chloride.

In Fig. 2, the calculation of the liquidus, when
taking the activity as being equal to the mole frac-
tions, gives line A which lies even higher than the
experimental curve. This calculation corresponds to
a totally molecular liquid, and accordingly lead chlo-
ride should be described as only partially associated.

Similar calculations were also made on the lead
chloride side of the phase diagram.

The measured liquidus line for the PbCly-PbS binary
system is shown in Fig. 3.

The ideal liquidus calculated from the Temkin ac-
tivity and the heat of fusion of lead chloride (3), as-
suming complete dissociation of the components into
their ionic species, is shown as line A which lies well
below the experimental curve.

The x-ray data indicate that the deviations cannot
be ascribed to solid solubility. The cryoscopic infor-
mation on the sulfide side of the system has indicated
that lead sulfide, rather than lead chloride, is disso-
ciated. Accordingly, in order to provide some further
evidence of association, several alkali metal halides
were added to lead chloride, and the new liquidus lines
were determined. The results of these measurements
are also shown in Fig. 3.

The systems PbCle-NaF and PbCl:KBr are recipro-
cal, while the PbCl,-PbS and PbClz-NaCl have an ion
in common. The ideal activities were calculated using
the appropriate activity expressions, and the results
are also given in Table II.

The ideal liquidus lines for these systems are given
in Fig. 3 as curves A and B. It is evident from Table
ITI that all systems, with the exception of the PbCl,-
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Fig. 3. Lead chloride side of the phase diagram of the systems,
PbCl2-PbS, PbCla-NaCl, PbCl2-NaF, and PbCl3-KBr. Lines A and
B were calculated from the “ideal” activity data a’pyciy given in
Table il. @ PbS-PbClz; X NaCi-PbClz; B NaF-PbCly; O KBr-
PbCls.
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NaCl binary, indicate small positive deviations from
ideality. The effect of such small deviations on the
position of a liquidus line is shown by the large differ-
ences between the experimental and the ideal liquidus
lines in Fig. 3. It is also evident that the liquidus tem-
perature is very sensitive to small changes in activity.
For example, an activity change of lead chloride from
0.971 to 0.963, would decrease the liquidus temper-
ature by about 7°C.

The curves in Fig. 3 indicate clearly positive devia-
tions, with the exception of the PbCl;-NaCl system.
Since the molten alkali metal halides are completely
dissociated to their ions, the deviations may be ac-
counted for by the tendency of lead chloride to asso-
ciate in the liquid. Furthermore, the experimental ac-
tivities for lead chloride are in better agreement to
the mole fractions, representing a molecular model,
than to the ionic activities.

In any case, the measured activities indicate devia-
tions from ideality, which are too small to allow the
calculation of any specific association scheme.

The transport properties of lead chloride also pro-
vide evidence of the existence of ions other than lead
and chloride ions in pure lead chloride. In a calcula-
tion of the mobility coefficients and transport number,
Laity (11) has shown that the calculated transport
number of lead is about twice the measured value for
lead chloride, while reasonable agreement was ob-
tained for simple monovalent salts.

In the NaCl-PbCl; system, the Temkin activities
and the molecular mole fractions are numerically
equal, and therefore this is the only system where the
calculation of an ideal activity cannot differentiate
between association and dissociation. By comparison
with the experimental activity, it appears that in this
system only slight negative deviations from ideality
do occur. This is in qualitative agreement with recent
careful determinations of the heats of mixing in so-
dium chloride-lead chloride melts at 650°C by Mec-
Carty and Kleppa (12). No attempt has been made to
compare the data because of the large temperature
differences in the measurements.

Density measurements.—The measured densities
were all linear functions of temperature. Linear re-
gression of the experimental data yielded the constants
for @ and b and the standard deviations for the equa-
tion

Density = a — b(t°C — 500) in g/ecm3

The values for the constants ¢ and b at the composi-
tions investigated are given in Table III. The standard
deviation shows only the relative scatter of the ex-
perimental points and does not include absolute errors
in density results.

The measured density of lead chloride is 0.6% higher
than that reported by Heymans (13). Heyman’'s re-
sults for the density of molten silver chloride were
also 0.8% lower than those determined by the present
authors (1) and by Spooner and Wetmore (14). Lead
chloride has a large expansivity, about three times that
of strontium chloride, which might be expected to
have somewhat similar properties. This abnormal ex-
pansivity would suggest, in agreement with the phase
diagram measurements, that pure lead chloride con-
tains ions other than simple lead and chloride ions.
The expansivity of pure lead sulfide is small, about
one-third that of lead chloride.

Table Ill. Density of PbS-PbCls-molten mixtures
Density = a — b (£°C-500) (g/cm3)

Mole % Temperature Standard

PbsS a b x 103 range, °C deviation
0 4.985 1.50 500-650 0.003
14.87 5.160 1.56 490-650 0.002
34.35 5.306 1.07 670-840 0.004
50.00 5.554 1.01 800-960 0.003
70.54 6.003 1.08 920-1050 0.005
100.00 6.842 0.54 1120-1200 0.006
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Fig. 4. Molar volume isotherms of the molten PbS-PbCly system
os a function of the lead sulfide content.

The molar volumes of the melts calculated from
the density measurements are shown in Fig. 4. It is
evident that the molar volumes of the mixtures are
almost additive, the positive deviations from additivity
being about 1 cm3/mole, or 2% of the total molar
volume at 50 mole % sulfide. This positive deviation
is of the same sign and magnitude as the excess molar
volumes in lead chloride-potassium chloride mixtures
(15) and is about half the excess volume at 35 mole %
sulfide in the silver sulfide-silver chloride system. The
density measurements indicate, in agreement with
the phase diagram calculations, slight positive devia-
tions from ideality. Lead sulfide in these melts is dis-
sociated, while lead chloride behaves like a partially
associated liquid. Furthermore, the tendency toward
compound formation in the system is slight.

Summary

The phase diagram for lead chloride-lead sulfide is
simple with one very weak incongruently melting
compound occurring in the system. The x-ray dif-
fraction pattern for the incongruently melting com-
pound was determined. Calculations from the phase
diagram indicate that liquid lead sulfide is dissociated.
The liquidus lines for PbS, NaCl, NaF, and KBr
added to lead chloride were also determined. Calcu-
lations from the phase diagram indicate positive de-
viations from ideality in the PbS-PbCl; system.

The density measurements show that the expansiv-
ity of lead chloride is high, while that for lead sul-
fide is small. The molar volumes of the mixtures are
almost ideal, with slight positive deviations from ad-
ditivity occurring.

The density and the phase diagram then indicate
that the lead chloride-lead sulfide system is struc-
turally simpler than the silver sulfide-silver chloride
system previously investigated, and accordingly the
electrical properties of the two systems would also be
expected to be different.
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The Electrical Conductivities and the Structural

Properties of Molten PbCI,-PbS Mixtures
Il. Electrical Conductivities of the Systems PbS-PbCl: and Pb-PbS-PbCl-

M. C. Bell' and S. N. Flengas

Department of Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada

ABSTRACT

The specific conductivities of molten lead chloride-lead sulfide mixtures
have been determined. On the addition of the sulfide to the chloride the con-
ductivity decreases initially and then increases as electronic conductance sets
in at about 35 mole % sulfide. The conductivity in this region is characterized
by temperature independent activation energies, typical of semiconductive be-
havior. The electronic conduction in this system is analyzed on the basis that
the melts are intrinsic semiconductors. The solubilities of lead in lead chloride,
and in lead chloride-lead sulfide melts up to 50 mole % sulfide were deter-
mined. The electrical conductivities of these solutions were also investigated.
It is found that the activation energies for electronic conduction in the melts
containing added metal change by only a very small amount, indicating that
the added metal is not acting as are electron donor.

The lead chloride-lead sulfide system was one of
the first sulfide-chloride mixtures studied and was the
subject of patents for the electrolytic recovery of lead
as early as 1906. More recently German (1) and Jap-
anese workers (2) have shown that the electrolysis
of lead sulfide in solutions in lead chloride and so-
dium or potassium chloride melts could be carried out
at high current efficiencies.

Lead sulfide has the NaCl crystal structure, a high
melting point, and a large heat of fusion, and is there-
fore expected to be fairly ionic. The phase diagram
and density measurements for the lead chloride-lead
sulfide system reported in the previous paper in this
series (3) have shown that lead sulfide behaves like
a dissociated liquid while pure liquid lead chloride
contains species other than simple lead and chloride
ions. The system shows only a slight tendency toward
compound formation.

Solid lead sulfide is a well-known intrinsic semi-
conductor (4, 5) even at high temperatures, having
an energy gap of 0.35 ev. The conductivity of pure solid
lead sulfide has been found to increase rapidly because
of the loss of small amounts of sulfur at high temper-
atures (6). This fact has limited the accuracy with
which the conductivity of the molten stoichiometric
sulfide could be determined.

Previous investigations of the molten silver sulfide-
silver chloride system (7) in this laboratory have
shown that the onset and amount of electronic conduc-

1 Present address: Department of Metallurgy, Royal School of
Mines, Imperial College, London, England.

tion in the sulfide-chloride melts could be determined
readily from careful conductivity measurements.

In the present investigation the electrical conduc-
tivities for the molten lead chloride-lead sulfide mix-
tures are presented over the composition and temper-
ature range allowed by the phase diagram and the
thermal stability of the system.

Lead and lead sulfide are miscible at high temper-
atures, while the silver-silver sulfide system has a
large immiscibility gap (8). The post transition metals
which do not form subhalides generally have ex-
tremely limited solubilities in their molten chlorides
(9). It is therefore of interest to determine the solu-
bilities in these molten mixtures. The measurement of
the effect of the added metal on the conductivity in
these mixtures, some of which are semiconductors,

. gives some indication of the electron donor properties

of the excess metal present.

Experimental

The preparation of the materials used in this in-
vestigation and the cell design were described in de-
tail in a previous publication (3). Graphite electrodes
were used for all measurements above 20 mole % lead
sulfide, as tungsten, or platinum, dissolved readily in
these melts. The conductivity cells were of the U-tube,
capillary type. For high concentrations of sulfide the
melts were thermally unstable and evolved small
amounts of sulfur. In this range the conductivity cells
were modified by introducing female silica ground
joints about 2 in. above the capillary. The graphite
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electirodes were then machined and ground to fit
the joints, and were connected to the molybdenum or
graphite leads for the bridge connections. When as-
sembled the electrodes could be lowered and seal the
capillary part of the cell making a tight fitting in the
hot zone of the furnace, thereby reducing sulfur evo-
lution. All measurements were taken in an atmosphere
of purified argon.

The solubility of lead in molten lead chloride-lead
sulfide mixtures was determined by direct loss in
weight of small amounts of lead equilibrated with
about 30g of the required salts sealed in evacuated
Y2 -in. quartz tubes terminating in a 4 mm ID quartz
tube at the bottom. For these measurements zone re-
fined lead was further purified by passing anhydrous
hydrogen through the liquid metal at about 500°C
to reduce the oxygen content.

The capsules were evacuated overnight to a few
microns pressure before sealing. The cells were placed
in vertical holes drilled in a graphite block in the fur-
nace and maintained at the required temperature for
several days. The temperature gradient along the sam-
ples was maintained at less than 1°C. The samples
were then removed from the furnace and quenched in
iced brine. Preliminary experiments showed that the
rate of quenching did not affect the measured solubil-
ity. The lead button at the bottom of the 4 mm tube
was separated from the salt and boiled in distilled
water to remove traces of lead chloride. Blank lead
buttons and some of the equilibrated buttons showed
weight losses of less than a tenth of a milligram on
boiling in water. It was found however that some of
the solidified buttons still contained trapped salt. All
the buttons were therefore dissolved in dilute nitric
acid, containing a small amount of 0.001 normal silver
nitrate solution. Any salt trapped in the buttons was
precipitated as silver chloride, or silver sulfide. The
amount of silver remaining in the solution was then
determined by titration with potassium thiocyanate
solution using ferric ammonium sulfate as the indi-
cator. The corrections in most of the samples were
negligible.

The conductivity measurements on the Pb-PbS-
PbCl; ternary were taken in the same manner as pre-
viously described (7). Graphite electrodes were used
in all the determinations. The additions of metal to
the conductivity cell were made by pressing a very
small weighed amount of metal in the center of a
pellet of lead sulfide. The pellet was then introduced
to the melt from a side arm feeding tube.

Results and Discussion

Electrical conductivities in the binary system PbS-
PbCly.—In order to show the large amounts of elec-
tronic conductivity occurring in the Jead sulfide-lead
chloride melts, the over-all diagram of the measured
conductivities is shown in Fig. 1. Pure lead sulfide has
a specific conductivity from 110 to 120 reciprocal ohm-
cm, and a positive temperature coefficient typical of
semiconductive behavior. In this respect, liquid lead
sulfide is similar to solid lead sulfide which is a well-
known intrinsic semiconductor. Lead sulfide unfor-
tunately is not too stable at high temperatures, and the
melts continuously lost very small amounts of sulfur.
A small loss in sulfur however produced a large change
in conductivity. Similar behavior has also been ob-
served with solid lead sulfide (6). The present meas-
urements on pure lead sulfide were taken by heating
the cell as quickly as possible to about 1150°C. Once
the lead sulfide had melted, the sulfide in the capil-
lary was protected from further dissociation by the
melt above it. Since the capillary determined 99.9%
of the cell constant, stable conductivities could be
measured over short periods of time, provided the
melts were not mixed. Readings taken in the first
half hour of three runs using different preparations of
lead sulfide gave results within 5% of the mean shown
in Fig. 1 and Table II, and all showed the same tem-
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Fig. 1. Specific conductivity isotherms in the PbS-PbCly system
over the entire composition range.
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perature dependence. Thus while accurate readings
could not be obtained, the observed conductivities ap-
pear to be approximately correct.

The rapid decrease in conductivity on the addition of
lead chloride to the sulfide is quite evident in Fig. 1.
All the melts have a positive temperature dependence,
unlike the silver chloride-silver sulfide system (7)
which showed a metallic temperature dependence for
the conductivity above 50% silver sulfide. The differ-
ence is attributed to the more ionic bonding of the lead
sulfide as shown by the phase diagram and density
measurements in the previous paper (3). It should
also be noted that in the silver sulfide-silver chloride
system at compositions below 50 mole % sulfide where
the phase diagram and density measurements indicated
that the melts became ionic, the temperature depend-
ence of the conductivity also became positive.

The ionic conductivity on the chloride side of the
system cannot be seen on the scale of this graph. An
enlarged diagram of the specific conductivities in this
region is shown in Fig. 2. The conductivities up to 36
mole % sulfide were all quadratic functions of tem-
perature.
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Fig. 2. Specific conductivity isotherms of the lead chloride rich
solutions.
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Table I. Specific ionic conductivity in the PbCl2-PbS system
k = a + b(t°C-500) — ¢(t°C-500)2, ohm-1 cm-1

Mole % Standard
PbS a b x 102 c x 108 deviation
0 1.486 0.511 0.414 0.004
2.79 1.445 0.508 0.307 0.004
10.58 1.283 0.502 0.295 0.002
16.03 1.190 0.501 0.293 0.003
18.64 1,148 0.499 0.256 0.005
25.20 1.032 0.497 0.22 0.006
26.89 1,006 0.496 0.22 0.003
32.71 0.906 0.495 0.19 0.001
35.94 0.863 0.494 0.17

39.32 0.824 0.494 0.16

44.61 0.770 0.492 0.14

46.00 0.760 0.492 0.14

In this region the measured conductivities were quite
stable and were generally reproducible to % of 1% on
increasing and decreasing temperature. Multinomial
regression about the quadratic equation

k=a+4 b(t°C —500) — c(t°C — 500)2 [1]

yielded the constants a, b, ¢, and the standard devia-
tions of the measured conductivities from this equa-
tion. The constants for this equation, and the deter-
mined standard deviations are shown in Table I. A
large number of readings were taken at each composi-
tion, and the standard deviation of the experimental
data is seen to be small. The measured conductivities
of lead chloride are about 3% higher than those re-
ported by Harrap and Heymann (10). Harrap’s values
for the conductivities of silver chloride were also
about 2.5% lower than those reported by Doucet (11),
Wetmore (12), and in our previous investigation (7).

The densities for lead chloride and for the mixtures
with lead sulfide have been previously determined (3),
so that the equivalent conductivities could be calcu-
lated. Since the phase diagram measurements (3)
have shown that lead chloride contains species other
than simple lead and chloride ions, the conductance
could not be defined per unit number of ions present.
Similarly, the activation energy for conduction loses
significance as an indication of an energy barrier, be-
cause the number of ions present per mole would be
changing with temperature. Accordingly molar activa-
tion energies were calculated from the measured data
and indicate a change from 4.32 kcal at 500°C to 3.48

oHmMs™ cm!

9
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Fig. 3. Plot of the a, b, and ¢ coefficients as a function of lead
sulfide content,

CONDUCTIVITIES & PROPERTIES OF PbCl,-PbS 33

kecal at 700°C. The apparent activation energies for
ionic conduction change only slightly on the addition
of lead sulfide to the chloride and are of the same
magnitude as those for the alkaline earth halides (13).

The points shown on Fig. 2 are only those inter-
polated from the measured data at regular tempera-
ture intervals. The large temperature dependence of
the conductivity is evident from the diagram. The
general decrease in conductivity on the addition of the
sulfide is quite evident. The decrease is similar to that
observed on the addition of silver sulfide to silver
chloride. In the present case, however, the isotherms
are all essentially parallel, indicating that the effect
of the added divalent ions is about the same at all
temperatures.

The onset of electronic conductivity at about 40%
lead sulfide is quite evident by the rapid increase in
conductivity. The electronic conductivity rises steadily
with further additions of sulfide to the large values
observed on the lead sulfide side of this system. The
onset of electronic conductivity is seen to occur at a
much higher sulfide concentration than in the silver
chloride-silver sulfide system. In order to determine
the amount of electronic conductivity occurring in
these mixtures it is necessary to extrapolate the ionic
conductivity from lower sulfide concentrations. This
was done by extrapolating the coefficients for quadratic
equations for the specific conductivity. The extrapola-
tion is shown in Fig. 3. The accuracy of the conduc-
tivities in the ionic region is evident in the smooth
curves obtained for the coefficients. The change in the
b and c coefficients is small, and possible errors in
the extrapolation of these parameters are less likely
than the uncertainty in the a term. Arbitrary limits for
various possible extrapolations for the a coefficient
past 32% sulfide are shown by the vertical arrows. The
points given by the solid dots are those used in the
calculation of the expected ionic conductivity for the
higher concentrations and are given in Table I

The difference between the measured conductivity
and the expected ionic conductivity for concentrations
above 32% lead sulfide, then gives the specific elec-
tronic conductivity. When multiplied by the molar
volume of the melts, the molar electronic conduc-
tivity is obtained. The conductivity is then expressed
per unit mole rather than per unit volume. The plot
of the logarithm of the molar electronic conductivity
vs. the reciprocal temperature is shown in Fig. 4.
The points show the electronic conductivity calculated
at 20°C intervals from the measured data. The elec-
tronic conductivity for these compositions is seen to
be characterized by a temperature-independent ac-
tivation energy over a wide temperature range, the
deviations for the 44.6 mole % lead sulfide curve at low
temperatures being on the borderline of being signifi-
cant. The arrows on the lines show the uncertainty
involved in the extrapolation for the expected ionic
conductivity. If different extrapolations are made, the
conductivities are all shifted in the same diréction by
the amount indicated by the arrows. The temperature
dependence of the electronic conductivity in this region
is then seen to be typical of an intrinsic semiconductor.
A similar behavior was observed in the silver chloride-
silver sulfide system when electronic conduction com-
menced. Exactly the same behavior with respect to the
extrapolation for the ionic conductance is observed
when excess soluble metal is added to the lead
chloride-lead sulfide system.

The molar electronic conductivity of these mixtures
was fitted to the equation

Ap = Ape— [1]

RT

and the results are shown in Table II. The standard
deviations quoted are those determined graphically
from the scatter of the measured points about the total
conductivity predicted by the parameters given in
Tables I and II. The uncertainty in the values for the
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Fig. 4. Plot of the logarithm of the molar electronic conductivity
vs. the reciprocal temperature.

activation energies correspond to the uncertainty in
the extrapolation for the ionic conductivity shown in
Fig. 3.

The data for the specific conductivities above 45
mole % sulfide are also shown in Table II, along with
the determined activation energies. The errors shown
are only approximate and are based on the fact that
three determinations of the conductivity of pure lig-
uid lead sulfide gave results within 5% of the mean
value. The possible errors in the activation energies
are difficult to assess, but the measured conductivities
showed the same temperature dependence even after
some decomposition of the sulfide had occurred.

The conductivity of liquid lead sulfide would appear
to be about twice the value for the solid state when
results from lower temperatures are extrapolated over
a wide temperature range (6). This increase in con-
ductivity is similar to the large increases in conduc-
tivity that occur on melting silicon, germanium, tellu-
rium, tin sulfide, and a number of antimonide com-
pounds (14-16).

The measured activation energy for pure liquid lead
sulfide corresponds to an energy gap between the va-
lence and conduction bands of 0.7 ev, if the liquid is
considered as a semiconductor. This value compares
with the value of 0.35 ev for solid lead sulfide (6).
Similarly, the specific conductivity of liquid tin sulfide

Table II. Electronic conduction in the PbS-PbCly system

Stand-

ard

Mole % Uncer- devi-
Pbs Equation logio Ae AH?*, kcal tainty ation
39.32 *Am = Aje-AH#*/RT 7.7794 37.90 *+4.0 0.004
44.61 Am = Aje-dH*/RT 5.8803 25.20 *1.5 0.006

AH*, Error,

a b kcal o

66.5 k* = a+b (t°C-B00) 4.20 0.025 22.0 *2
80.2 k = a+b(t°C-1000) 12.6 0.06 18.0 *5
100.0 k = a+b(t°C-1100) 110.0 0.30 8.0 *5

* k ohm-1 cm-1.
* Am ohm-! moles-1 cm2,
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has a positive temperature dependence giving an en-
ergy gap of 1.9 ev (15) compared to a value of 1.2 ev
for solid tin sulfide which is also an intrinsic semicon-
ductor (17). Liquid selenium has also been shown to
be a semiconductor having an energy gap of 2.3 ev,
compared to 1.8 ev for the solid (18). This data would
suggest that the positive temperature dependence of
the conductivity in these systems is indicative of
semiconductive behavior. In the solid state, the energy
gap may be determined from conductivity measure-
ments, as the mobility changes with temperature in a
much slower manner than the exponential temperature
dependence of the electrons raised to a conduction
band.

In liquid metals the change in electron mobility with
temperature is even smaller than in the solid state
(14). A similar behavior is also indicated in sulfide-
chloride melts by the temperature independence of the
activation energies. Therefore, it may be assumed that
the measured activation energies in these melts can be
directly associated with an energy gap.

From Table II, there is seen to be a large increase
in the activation energy for electronic conduction, or
in the energy gap, as lead chloride is added to the sul-
fide. The same observation was made in the silver sul-
fide-silver chloride melts in the region in which elec-
tronic conductivity commenced (7). This increase may
be attributed to the more ionic bonding in these solu-
tions as compared to the partially covalent pure sulfide.

The activation energy for electronic conduction in
the silver sulfide-silver chloride system at 35 mole %
added sulfide is less than half that in the lead sulfide-
lead chloride system. This lower energy may also be
attributed to the more covalent nature of silver sul-
fide, as indicated by the phase diagram and density
measurements (3) of that system. Hall constants have
not been measured in these systems, so that the num-
ber of charge carriers has not been determined ex-
perimentally. If the liquids are considered as semi-
conductors having a finite conduction band, the concen-
tration of electrons n per unit volume, raised to the
conduction band is given by the well-known expres-
sion

n = NT:(m*.m)y.e—Eg/zKTG [2]

where Eg represents the energy gap measured from
the valence band, m* is the effective electron mass,
and m the normal electron mass. Such a relationship
could be expected to hold for both the pure liquid
sulfide and a solution, if both these liquids are in-
trinsic semiconductors.
The molar conductivities of these liquids may be
expressed as
Am =2k-n-p-e-Vm [3]

where e is the electron charge, p is the mobility of
the electrons, k is the conversion factor for the units,
and Vm the molar volume of the liquid. The factor
of 2 is introduced to account for positive hole conduc-
tion, as observed in solid lead sulfide at high tem-
peratures (4, 5).

The ratio of electron mobilities in pure lead sulfide
at 900°C, (up), to that in a solution at 45 mole %
sulfide, (us), at the same temperature may be ob-
tained by dividing the corresponding expressions

(Am)p N Np * Kp * (V‘m)p (4]

(Am)s Mg us (Vi)s

where the constants shown in Eq. [3] cancel out.
The electron concentration ratio may be obtained
from Eq. [2]. Since the comparison is made at the
same temperature the pre-exponential terms in this
equation will cancel out when substituted in Eq. [4].
The assumption is also made that the effective elec-
tron masses are the same in the two systems, or that
both are equal to the normal electron mass. This as-
sumption has some basis as Hall measurements in liq-
uid metals and liquid germanium have been deter-
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mined and show that the effective masses in these lig-
uids are close to the normal electron mass (14). For
the calculation, the energy gap is taken as being equal
to twice the measured activation energies of con-
duction, e.g.

Eg AH*

2K R

On substituting the corresponding values for the
energy gaps and the measured molar electronic con-
ductivities at 1100°C, the ratio of the mobilities in the
two systems may be calculated as

"?_ _ 0.14 at 1100°C

Hs

That is, the electron mobility in the solution is greater
than the mobility in pure liquid lead sulfide. This could
be accounted for by a lower scattering cross section
of the chloride ion compared to the highly charged
divalent sulfide ion present in the pure sulfide. The
calculation indicates that the decrease in conductivity
by a factor of 100 on going from the pure sulfide to a
solution at 45 mole % sulfide is not necessarily caused
by a decrease in the mobility of the electrons, but may
be accounted for by the increase in the energy gap in
the solutions on the addition of the ionic chloride.

Electrical conductivities and metal solubilities in the
ternary system Pb-PbS-PbCle.—The interpretation of
the electrical conductivities in the ternary system
Pb-PbS-PbCl; requires the knowledge of the solubility
of lead metal in the PbS-PbCl, melts.

Solubilities of lead were determined in melts con-
taining only up to 50 mole % sulfide, because in this
region the sulfide-chloride melts were quite stable, and
accurate data on conductivities could be obtained. The
measured solubilities are shown in Fig. 5. The solu-
bility of lead in lead chloride is quite small, 0.008
mole % at 583°C to 0.056 mole % at 886°C. The meas-
ured solubilities are about one-third of those reported
by Corbett (20). It was observed in the present in-
vestigation that if the reagent grade lead chloride was
used as-received without previous purification, solu-
bilities closer to those reported by Corbett (20) at
600°C were obtained.

It is evident that these small solubilities are very
sensitive to the purity of the sample, and that the
presence of oxygen or metallic impurities in the sys-
tem may increase the measured solubility.

Despite the scatter in the results for the the mixtures
of lead chloride and lead sulfide, it is apparent that
the solubility at low temperatures (583°C) is very
small, less than 0.02 mole %, for all the compositions
studied. The solubility increases with increasing tem-
perature and increasing sulfide concentration to a
value of 0.65 mole % at 50 mole % sulfide and 886°C.
Analysis of the lead buttons showed that most of the
buttons contained no detectable amounts of chloride
or sulfide, so that the solubility of lead chloride and
lead sulfide in liquid lead is very small.

The measured solubilities of lead in pure lead
chloride show less scatter than the data for the mix-

SOLUBILITY , MOLE PERCENT LEAD

MOLE PERCENT LEAD SULPHIDE

Fig. 5. Solubilities of lead metal in molten PbC-PbCls mixtures
as a function of the lead sulfide content.
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Fig. 6. Plot of the logarithm of the solubility of lead in lead
chloride vs. the reciprocal temperature: @ this investigation; ©
Topol (21).

tures, and it is possible to obtain a value for the par-
tial molar heat of solution of lead in lead chloride. A
plot of the logarithm of the solubility vs. the reciprocal
temperature is shown in Fig. 6. Despite the fact that
only four readings were taken, a good straight line is
obtained. The solubilities reported by Topol (21) are
shown for comparison. The slope of the line for the
present investigation gives a partial molar heat of mix-
ing of +13.2 kecal, if the activity coefficient of lead
in the solution is constant over the composition range
involved. In view of the extremely small solubilities
such an assumption is quite justified. Such a high
positive heat at such low concentrations is indicative
of the large immiscibility gap in the lead chloride-
lead system. The scatter in the measured solubilities
for the sulfide-chloride mixtures makes it impossible
to determine the heat of solution with any precision
in these mixtures.

The effect of added soluble lead metal on the con-
ductivity in the binary lead chloride-lead sulfide system
was determined at three sulfide concentrations, 25, 36,
and 46 mole % lead sulfide. The effect of added metal
on the specific electronic conductivity is shown at one
temperature in Fig. 7. The electronic conductivity was
determined as the difference between the measured
and the expected ionic conductivity. The values used
for the ionic conductivity are shown in Table I. At
25.6 mole % lead sulfide, no electronic conductivity
is occurring in the binary system, and the addition
of 0.013 mole % lead metal produced no observable
change in the conductivity even after standing over-
night and thoroughly mixing. At 35.9 mole % lead
sulfide, very little electronic conductivity is expected
in the binary system, and the addition of metal in-
creases the conductivity as shown. At 46 mole % sul-
fide, electronic conduction is occurring in the binary
system, and the addition of metal increases the con-
ductivity only slightly.

At the final metal concentration, the electronic con-
duction is about the same as the ionic conductivity in
the system.
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Fig. 7. Effect of added lead metal on the specific electronic
conductivity of the PbS-PbCls solutions at 860°C.
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Table L. Electronic conduction in the Pb-PbS-PbCly system:

—MH*
Am = Ap € H*/RT

Mole % Mole % Standard
PbS Pb loglv A, AH*, keal deviations
25.64 0.13 No electronic conduction
35.94 0.0114 5.7040 27.13 28 5
45,74 0.015 6.0188 2462*+15 0.006
46.00 0.084 6.2124 24,39 = 1.2 0.006
46.25 0.129 6.2514 244012 0.006

Am in ohm-1 mole-1 cm?2,

The temperature dependence of the electronic con-
ductivity in this system is also shown in Fig. 4. The
molar electronic conductivity was calculated in the
same manner as for the binary system. The points on
the lines again represent the electronic conductivity
calculated at 20°C intervals from the measured data. It
is evident that the electronic conductivity occurring in
the systems with metal added, is characterized by a
temperature independent activation energy of much
the same value as that occurring in the binary sys-
tems. Not as many compositions are shown on this
graph as in Fig. 7, because the conductivities of some
of the metal concentrations were measured at a few
temperatures only. The arrows on the lines again show
the uncertainty in the extrapolations caused by the ex-
trapolation for the ionic conductivity. Not as many
readings were taken as in the binary systems, and the
scatter in the measured values was greater. The result-
ing uncertainty in the determined activation energies
is at least as great as the uncertainty caused by the
extrapolation for the ionic component. Values for the
constants in a simple exponential equation to give
the measured molar electronic conductivity are shown
in Table III. At 46 mole % sulfide the determined ac-
tivation energy for conduction in the system with
metal added are less than 0.8 kcal smaller than the
activation energy in the binary system at 45 mole %
lead sulfide. Such a change is very small and may not
be significant within the accuracy of the data.

It may therefore be concluded that the added metal
is not contributing electrons to the system at a donor
level significantly different from the valence band in
the binary system. This conclusion is consistent with
the small increase in conductivity occurring. If the
added metal atoms were all ionized giving free elec-
trons in the conduction band, then at a metal concen-
tration of 0.014 mole % metal, or approximately 2 x
1018 at., an increase of conductivity by about 1000
would be expected.

It then appears probable that the added metal is not
acting as an electron donor, but is trapped by some
mechanism which raises the valence band of the sys-
tem slightly. Since this trapping does not occur in the
pure sulfide where the conductivity changes extremely
rapidly with small amounts of added metal, a com-
plex involving chloride ion, such as Pb4-Cl—, is sug-
gested as a possible trapping mechanism.

The rather low metal solubility in melts of this
type may be accounted for by a “salting out” effect
due to the free electrons. Thus, the dissolution process
may be described by the reaction.

M = M+ + e
(in metal) (in melt) (in melt)
for which
Keq. = ap+0e— [5]

am+, and a.— are the activities of the metal ions and
of electrons in the salt phase, respectively.

In the present instance the salts are semiconductors
and the relative concentration of “free” electrons is
relatively high. This would cause the equilibrium in
Eq. [5] to be shifted to the left. Preliminary experi-
meuts on the solubility of silver metal in molten silver
chloride-silver sulfide mixtures at 25 mole % sulfide,
have indicated a solubility of silver of less than 0.016
mole % at 890°C, This is much lower than the solu-
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bility of lead in lead chloride-lead sulfide melts at the
same temperature (0.32%). Solutions of silver sulfide
in this range have been shown to have much higher
electronic conductivities. Accordingly they should also
be expected to have a higher concentration of free
electrons and a lower metal solubility.

Conclusions

Lead chloride has a low specific conductance (1.49 at
500°C) and a high “apparent” activation energy for
ionic conduction (4.32 kcal at 500°C). The addition of
lead sulfide to the chloride decreases the ionic con-
ductivity in much the same manner as the addition of
silver sulfide decreases the conductivity of silver
chloride.

Liquid lead sulfide exhibits a positive temperature
dependence for electronic conduction, typical of semi-
conductive behavior. The conductivity decreases very
rapidly on the addition of lead chloride to the sulfide
and always has a positive temperature coefficient. The
metallic temperature dependence of the electronic
conductivity observed in the AgCl-AgsS system above
50% silver sulfide is completely absent in the lead
sulfide melts. The difference may be attributed to the
more ionic nature of lead sulfide.

The activation energy for electronic conduction in-
creases as lead chloride is added to lead sulfide from a
value of 8 kcal in the pure liquid lead sulfide to 25
kcal at 45 mole % sulfide in lead chloride. The tem-
perature dependence of the liquid mixtures it typical
of intrinsic semiconductive behavior. If it is assumed
that the effective mass of the electrons in the solution
is the normal electron mass, the mobility of current
carriers in a mixture of lead chloride with 45% lead
sulfide is greater than in pure liquid lead sulfide. The
large decrease in conductivity on adding lead chloride
to the sulfide is then caused only by the increase in the
energy gap on the addition of the chloride. The in-
crease in the activation energy, or the energy gap, may
be attributed to the more ionic behavior of the liquid
mixtures, as compared to the partially covalently
banded sulfide.

The solubilities of lead in lead chloride and in lead
chloride-lead sulfide mixtures have been determined.
The solubilities increase with increasing temperature
and sulfide concentration to a value of 0.65 mole %
lead at 50 mole % sulfide and 886°C.

The electronic conductivity is seen to increase only
by a small amount when lead metal is added to the
binary system. The data indicate that the added lead
is not acting as an electron donor in these melts.
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Thermodynamic Properties of Molybdenum (111)
Chloride in Molten Alkali Metal Chlorides

Sidney M. Selis

Research Laboratories, General Motors Corporation, Warren, Michigan

ABSTRACT

Using emf methods, partial thermodynamic values in molten LiCl-KCl
have been precisely determined from 460° to 540°C in the Mo concentration
range of 0.01 to 0.4 mole/liter. At 460°C, the free energy of formation of the
molybdenum (III) chloride in a 1M solution is —63,700 = 100 cal/mole and
the corresponding entropy change is —34 =+ 2 cal/deg/mole. Extrapolated to
450°C, the potential of Mo/Mo(III) (1M in LiCI-KCIl) vs. Pt/Pt(II) (1M) is
—0.603 = 0.002v. There is a strong solvent cation effect due to coulombic,
steric, and other. contributions, and the excess free energy of MoCl3 in KCI is

much more negative than in LiC1-KC1L

The chlorides and bromides of metals in Groups
IV-A, V-A, and VI-A (“refractory metals”) have cer-
tainly not been the subjects of complete physicochemi-
cal investigations at elevated temperatures. Thermo-
dynamic quantities, for instance, are not listed for
many compounds, either pure or in solution. There
are technical reasons for this. Physical behavior of
melts results in real inconvenience for a number of
experimental techniques, and the halides are unstable
in the presence of moisture., Moreover, unambiguous
definition of the chemical system may not be possible.
Several valence states are exhibited by each of the
elements, and oxidation or reduction from one to an-
other takes place readily.

The present work is concerned with thermodynamic
properties of liquid molybdenum (III) chloride. When
heated, this compound vaporizes without melting, and
it is not possible to study the pure ligquid. But it is
possible to prepare solutions in molten alkali metal
chloride solvents and then to determine partial quan-
tities. Values for LiCl-KC1 have been compared with
those available for pure potassium chloride, and there
is an interesting solvent effect.

Furthermore, the electrode Mo/Mo(III) is now in-
cludg; in an emf series (for the solvent LiCI-KCl at
450°C).

Background.—In 1954 Senderoff and Brenner reported
some preliminary experiments with molybdenum elec-
trodes in molten mixtures of LiCl-KCI1-K3sMoClg (1).
Although no rigorous proof was provided, they sug-
gested that molybdenum metal is in equilibrium with
Mo (IIT). It was shown that anodization of the metal
occurs with unit efficiency assuming a three-electron
change, and reduction of molybdenum (III) chloride
to the metal also takes place with unit efficiency.
Moreover, large anodic and cathodic current densities
are accompanied by relatively small overpotentials.

Recently Ryzhik and Smirnov measured the equi-
librium potentials of Mo/Mo (III) electrodes in molten
KCl1 at 780°-940°C (2). They used the reference elec-
trode C1—/Cly (in pure liquid KCl), and their data
were satisfactory for the calculation of partial thermo-
dynamic quantities for molybdenum (III) chloride in
the liquid potassium chloride solvent. Later in this

paper there will be a comparison of these results with
the present ones obtained at lower temperatures using
the molten lithium chloride-potassium chloride sol-
vent.

The present study was made with cells of the type
Mo/MoCl; in LiCl-KCl//LiCl-KC1//PtCl; in LiCl-
KCl/Pt. The solutions of molybdenum and platinum
chlorides were dilute. Molybdenum (IIT) and platinum
(I1) ions were therefore unimportant carriers of cur-
rent, and liquid junction potentials were consequently
negligible. The temperature region was 460°-540°C,
limited at the lower end by the solubility of the mo-
lybdenum (III) compound and at the upper end by
the stability of the platinum (II) chloride in the ref-
erence electrode,

The platinum electrode was used for convenience
instead of measuring against the chlorine electrode
directly. The precise data of Laitinen and Pankey (3)
are available for the cell Pt/PtCly; (1M) in LiCl1-KCl//
LiCl-KCl//Clz, C. Potential difference is given as a
function of temperature, and with this, one can nor-
malize the molybdenum electrode data, obtained with
a platinum reference, to the reference Cl—/Cly (in
liquid LiCl-KCl).! In this way, thermodynamic values
are determined for the reaction

Mo(c) + 3/2Clz(g) - MoCls(], in solution)

Experimental

Materials.—The platinum wire (B & S 20 gauge) and
sheet (0.3 mm in thickness) were over 99.99% pure.
The molybdenum sheet (0.8 mm in thickness) was
cver 99.9% pure, the major impurity being carbon; it
was obtained from the Climax Molybdenum Company.
The carbon rods, 6§ mm in diameter, were of spectro-
graphic grade.

Chemically pure potassium hexachloromolybdate
(III) was supplied by A. D. Mackay, Inc. Composition
was verified by analysis for molybdenum using the
photometric thiocyanate method (22.5% Mo calculated,

1 Laitinen and Pankey measured platinum-chlorine cells in the
temperature range 410°-490°C and arrived at relationship [1]. For

the present work, it is assumed that the relationship remains valid
and the electrode is usable up to 540°C.
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22.3% Mo found). The chemical was dried at 110°C
before use.

The LiCl-KCl mixture was of eutectic composition
(58.8 mole % LiCl; 41.2 mole % KCl). It was purified
by the procedure of Laitinen, Tischer, and Roe (4)
which involves evacuation with gradual warming of
the salts, melting under purified HCI gas, flushing with
purified argon, and the use of magnesium metal which
displaces heavy metal ion impurities from the alkali
metal chloride electrolyte. The melts were not sep-
arately filtered and sealed in ampoules. Instead, puri-
fication was carried out in the cell container, and
when the glass tubes with fritted disks were lowered
and the electrolyte seeped through the porous dia-
phragms, the solid material was thereby filtered off
and remained outside the electrode compartments.
When an experiment was run in which electrolyte
was subjected to the complete manipulation with open-
ing and closing of the cell, except for actual addition
of molybdenum (III), it was found that the polaro-
graphic residual reduction current was less than 1 pa
with a platinum electrode area of 1 mm? at a potential
of —2.0v vs. Pt/PtCl; (1M) in LiCl-KCl. Effective
purification is therefore indicated, as is validity of the
technique in terms of purity considerations.

Procedure—Molybdenum electrode potentials were
measured against the platinum reference with a tech-
nique similar to that used by Laitinen and Liu (5);
the method involves a cell with compartments sepa-
rated by fritted glass. In the present work the weight
of electrolyte was 100g contained in a Vycor test tube
with a diameter of 52 mm. The diameters of the com-
partment cups were 13 and 26 mm. The electrode leads
of platinum wire were sealed in tubes at the upper
ends, and the air in these tubes was replaced with
argon before the electrodes were lowered. The plat-
inum wire was connected to the molybdenum by spot-
welding, using a short intervening piece of nickel.

Temperatures were measured with a chromel-
alumel thermocouple calibrated at the melting points
of zinc and aluminum. Temperatures could be main-
tained constant to within =+ 0.5°C. The platinum elec-
trode was generated by anodizing the platinum metal
using a carbon counter cathode. Current density was
10-20 ma/cm2, and the coulometric delivery was meas-
ured. The amount of electrolyte in the compartment

-0.40 e

L
540°C

d
520°C /
-0.80 b
.

z
£
2.0 o
E i o
Q 500°C
H
~-0.80
=
2.0
= o,
g
S
-0.80 r'/
480°C /
1.2
N "’/
460°C /‘

1.20

1.40

- 0.700 - 0.680 - 0.660 Z0.640 -0.620 - 0.600

POTENTIALS {VOLT) OF Mo/MoCly ELECTRODES
VS, Pi/PiCl; {ONE MOLAR)

Fig. 1. Potentials of molybdenum electrodes with respect to the
platinum reference: e, additions by current passage; O, odditions
with KaMoClg.
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Table I. Nernst behavior of the molybdenum electrodes

(0E/d log [Mo+++1r (V)

Temper-

ature, °C Calculated Observed
460 0.0485 0.0471
480 0.0498 0.0550
500 0.0512 0.0508
520 0.0525 0.0578
540 0.0538 0.0569

was later determined using the Volhard procedure.
Concentration of PtCly in the compartment was about
0.05 mole/1 (known precisely).

The molybdenum electrodes were similarly formed
and later analyzed for quantity of electrolyte. After
the potential was measured for one concentration, cur-
rent passage was resumed to obtain the next composi-
tion. The concentration ranges are shown in Fig. 1. As
much as an hour was required for a potential to be-
come steady after a composition was changed, but
once stable, the reading would generally not vary
more than 1 or 2 mv in a half hour. These readings
were made with a null-balancing potentiometer, the
button switches being closed only momentarily.

As shown in Fig. 1, values were verified by using
cells in which the molybdenum (III) was added at the
beginning as K3MoClg. This was weighed out with the
lithium and potassium chlorides. Purification of the
electrolyte was the same except that magnesium metal
was not used.

Results

When the measurements with a cell were completed
and the molybdenum and platinum compartments
were analyzed, the molybdenum electrode composition
could be defined and the potentials could be expressed
with respect to Pt/PtCly (1M in LiCl-KCl) through
the use of the Nernst relationship. In Fig. 1 are plot-
ted molybdenum electrode potentials vs. log concen-
tration of molybdenum (III) for five temperatures;
replicate experiments were run in order to obtain
these data. The behavior is linear, and the slopes, de-
termined by the method of least squares, are compared
in Table I with the slopes calculated with the Nernst
equation, assuming n = 3.

Ept/ptcig/rct—rc1e = —0.3223 4 0.000334 (£ — 450) ]
[1

Relationship [1] gives the potentials of Pt/PtCl:
(IM in LiCl-KCl) with respect to C1— (in LiCI-KCl)/
Cl, at different temperatures as determined by Lait-
inen and Pankey (3); in their work and in the present
study, temperature gradients occurred only in the
platinum leads which were used from all electrodes,
and so there are no corrections for thermoelectric emf.
By using relationship [1], molybdenum electrode po-
tentials with respect to the platinum electrode are
normalized to the chlorine electrode, and these are
numerically the same as the potential differences for
the cells Mo/MoCl; (in LiCl-KCl)//LiC1-KC1/Cl..
The reaction corresponding to these cells is the forma-
tion of molybdenum (III) chloride in solution as
shown above; the partial thermodynamic quantities
for the reaction are calculated from the data for these
cells using relationships [2] through [4].

F = nFE [2]
S =—nF(IE/3T)p [31]
H=F4+ TS [4]

E is the potential of the molybdenum electrode with
respect to the chlorine electrode and has the negative
sign when it is more anodic than the reference; n and
F have the usual significance, and n is 3. Using these
equations, thermodynamic quantities have been calcu-

lated; values are listed in Table II. F, S, and H are,
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Table il. Partial thermodynamic quantities for the formation of
MoCl3 (1) in molten LiCI-KCI*
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Table I11. Partial molar free energies of MoClg (1) at
standard concentrations in LiCI-KCI*

Concentration F, — H, F, cal/mole
Moles/ Mole cal/mole, S, cal/mole, Temper-

liter  fraction 460°C cal/deg/mole 460°C ature, °C Concentration: 1 mole MoCls/liter Nuocig = 0.01

0.010 —170,100 == 100 —16 %2 — 81,900 =+ 800 460 (—63,700) *= 100 (—65,500) *+ 100
0.0005 - 69,700 —-17 — 82,500 480 (—63,000) (—65,000)
0.001 — 68,700 —20 — 83,000 500 (—62,300) (—64,400)

0.060 67,700 —22 — 83,600 520 (—61,700) (~63,800)
0.003 — 67,300 —23 — 83,900 540 (—61,000) (—63,300)

0.100 —87,000 —23 - 84,100

0.200 0.006 2—62,200) —25 (—84,500)

. —66,000) —26 (—85,100) . indi . i

0.010 (— 65.500) pr {~85.100) of dzgentheses indicate that the values are!based on extrapolation

0.300 (— 65,500} —27 (—85,100) :

0.400 (—65,100) —28 (—85,300)

* Values in parentheses are based on extrapolated curves,

respectively, the partial molar free energy, entropy,
and enthalpy of formation;2 a negative value for F
means that the formation occurs spontaneously. Con-
centrations are given on both molarity and mole frac-
tion scales, the transformation being made with the
density data of Van Artsdalen and Yaffe (6). Free
energies and enthalpies in Table II are for a temper-
ature of 460°C.

E was plotted against temperature for fixed con-
centrations, and Fig. 2 shows five of these curves.
They are linear for the temperature region 460°-540°C
and for the concentration ranges shown in Fig. 1.
Using the method of least squares, a value of (dE/8T)p
was found for each concentration and then plotted
against log concentration. Again the behavior could
be described as linear, and the method of least squares
was again used to find the straight line. Referring to
relationship [3], partial molar entropy was calculated
for the concentrations as shown in Table II. The cells
consist of electrodes which are metals in equilibrium
with ions at about the same concentration, and so en-
tropy differences of more than a few calories per de-
gree per mole (positive or negative) are not to be ex-
pected. Partial entropies as large as —28 cal/deg/mole
are given in Table II, but the major contribution to

2These partial thermodynamic quantities, having the general
abbreviation Guoci, are defined as (3G system/onMociy)n solvent, 1.
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Fig. 2. Potentials of some molybdenum electrodes as a function
of temperature.

this (—23 cal/deg/mole) is by the chlorine electrode
where the formation of MoCl; is accompanied by the
disappearance of a gas phase.

Partial enthalpies, shown in Table II, were deter-
mined according to relationship [4]. The average de-
viation is based on the deviations in the free energy
and entropy determinations.

Of interest are partial free energies of formation of
MoCl; at standard concentrations and at different tem-
peratures. These are listed in Table III. Enclosure of
the values within parentheses indicates that they were
obtained by extrapolating the curves in Fig. 1.

Discussion

One of the contributions of the present work is the
determination of the Mo/Mo (III) potential which can
be put in the emf series developed by Laitinen and
co-workers (3, 5). For this series, the metal chlorides
are dissolved in LiCl-KCl to the extent of 1 mole/l at
450°C. By . extrapolation the molybdenum value is
—0.603 =+ 0.002v with respect to Pt/PtCl; (1M). 1t is
more noble than Sb/Sb(III) by 32 mv and less noble
than Bi/Bi(III) by 50 mv.

As already seen, only partial guantities for MoCls
in solution can be determined, and they cannot be re-
lated to pure liquid MoClz; which does not actually
exist and for which hypothetical thermodynamic data
are not available. One might express the partial quan-
tities relative to” pure solid MoCls, but the numbers
would have only a very limited usefulness.

There is another standard state which might be em-
ployed and that is the infinitely dilute solution in the:
LiCl-KCl electrolyte. But over the entire concentra-
tion range activity coefficients are constant for each
temperature. With the present data, therefore, refer-
ence to the infinitely dilute solution is a trivial calcu-
lation.

The potential-temperature data of Ryzhik and Smir-
nov (2) are precisely linear, and the present author
has extrapolated them to 500°C. For their cell contain-
ing 2.58 w/o Mo in molten KCl (2.12 mole % of
MoCl3), the potential vs. Cl1—/Cly is —1.403v. The
molybdenum electrode with the same mole fraction
composition in the LiCl-KCl solvent exhibits a poten-
tial of —0.910v vs. C1—/Cl; at 500°C. Lithium ion is
smaller than potassium ion. In the LiCl-KCl solvent,
therefore, the anions are closer to the solvent cations
and less available for solvation of the molybdenum
ion. Thus a more negative potential in pure KCl is
predicted, but the effect is greater than expected. It is
equivalent to 34 kcal/mole, much too large to be ex-
plained by small variations in Mo-Cl distances. Per-
haps it represents a real difference in the structure of
solutions in molten LiCl and molten KCl. A general
discussion of these effects is given by Blander (7).
Further measurements with pure LiCl and NaCl would
certainly be of interest and might clarify the situation.

Manuscript received March 18, 1965; revised manu-
script received Sept. 9, 1965. This paper was presented
at the San Francisco Meeting, May 9-13, 1965.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1966
JOURNAL.
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Hyper-Maintenance of Electroluminescence

W. Lehmann
Westinghouse Electric Corporation, Research & Development Center, Pittsburgh, Pennsylvania

ABSTRACT

Electroluminescent ZnS: Cu becomes extremely deterioration-resistant after
firing or refiring in pure sulfur. Additional air bake is permissible. The emis-
sion does not deteriorate toward zero, but toward a finite equilibrium which,
in best cases, may be more than 50% of the original intensity. These “hyper-
maintenance” phosphors permit high brightness (by excitation with high fre-
quency) to be maintained over long time. The deterioration is considered
to be due to sulfur vacancies diffusing from the particle surfaces into the

interior.

The electroluminescence of powdered ZnS or (Zn,
Cd)S phosphors embedded in an insulating medium
and excited by an alternating electric field usually
deteriorates with a rate which is nearly inversely pro-
portional to the frequency, but which depends little or
not on the amplitude of the exciting field (1). There-
fore, it has become customary to characterize the
maintenance behavior of a phosphor by the number of
cycles required to deteriorate the emission intensity
to 50% of its original value. This half-life is in the
order of 107 to 108 cycles of continued operation in case
of an ordinary ZnS:Cu,Cl phosphor embedded in a
plastic dielectric and operated in dry air at room tem-
perature. Thornton improved this half-life by a factor
of roughly two to ten, i.e., up to about 108 to 109 cycles,
by means of air baking (2). A similar improvement is
achieved if the phosphor is embedded in a ceramic (in-
stead of a plastic) dielectric. Jaffe observed that re-
placement of the chlorine by bromine resulted in an-
other improvement by a factor of 5 or more (3) which
extended to obtainable half-life up to 109 to 1010
cycles.

We discovered that green emitting ZnS:Cu,Br or
corresponding (Zn,Cd)S phosphors become extremely
deterioration resistance if they are fired, or refired, in
an atmosphere consisting of approximately 100% sulfur
vapor provided only that the phosphor is in actual
contact with the sulfur when it cools down after fir-
ing. The latter condition is essential. If the phosphor
is fired and cooled in sulfur, the maintenance is good.
If it is fired in sulfur but cooled in nitrogen or argon,
the maintenance is poor. If it is fired in argon but
shortly refired and cooled in sulfur, the maintenance
is good. It is permissible also to use Thornton’s air
bake procedure on sulfur-fired phosphors and, in fact,
this combination gave the longest living phosphors.

The emission intensity of an electroluminescent
phosphor so prepared usually does not deteriorate with
time to zero but to a finite level and, in some cases,
this finite level may be higher than 50% of the zero-
hour intensity so that the “half-lifes” of these phos-
phors appear to be infinitely long. This behavior was
called “hyper-maintenance.” The investigation on
hyper-maintenance of electroluminescence is as yet
not considered to be complete. Nevertheless, some ob-
servations and conclusions may be communicated.

Life tests on hyper-maintenance phosphors naturally
require much time and, in contrast to ordinary electro-
luminescent phosphors, cannot be accelerated by ex-
citation with a higher frequency since their deteriora-
tion is not inversely proportional to, but almost or

completely independent of, the exciting frequency. For
this reason, hyper-maintenance phosphors show their
best performance at high frequency (typically in the
order of 10 keps) where ordinary phosphors would
deteriorate within a relatively short time. It is thus
possible with hyper-maintenance phosphors excited
with high frequency to maintain substantial bright-
ness over long times. However, an accelerated de-
terioration of hyper-maintenance phosphors with in-
creasing electric field strength was observed, also in
striking constrast to the behavior of ordinary electro-
luminescent phosphors whose maintenance is almost
or completely independent of the field strength.

The zero-hour brightness of a good hyper-mainte-
nance ZnS:Cu phosphor usually is somewhat lower
(roughly between 50 and 100%) than that of a stand-
ard ZnS:Cu phosphor. However, several per cent of
the ZnS may be replaced by CdS (4) which, beside
the well-known color shift of the emission, causes all
traps to become somewhat shallower (5) and, there-
fore, an extension between the approximate propor-
tionality between emission intensity and frequency up
to higher frequencies. Hence, hyper-maintenance is
most successfully combined with (Zn,Cd)S phosphors
to be excited by high frequencies and, under this con-
diticn, even the zero-hour brightness of a hyper-main-
tenance phosphor may be better than that of a stand-
ard ZnS phosphor. Typical data are compared in Table
I

Some deterioration curves measured on (Zn,Cd)S:
Cu phosphors are shown in Fig. 1 and 2. The phosphors
corresponding to Fig. 1 are fired in sulfur and air
baked. They differ only in their CdS concentration
(and, hence, somewhat in their emission color) but
not in their maintenance (exceeding the unavoidable
limit of accuracy of the measurements). Each curve in
Fig. 2 is the average of measurements on four phos-
phors containing Cl, Br, or I, respectively. All samples
containing Cl and Br are green emitters while the four
iodine containing samples emit blue. The superiority

Table ). Zero-hour emission intensity of a hyper-maintenance
ZnS(90%), CdS(10%):Cu,Br phosphor compared with a
standard ZnS:Cu,C! phosphor

(Zn,Cd)S:Cu.Br} ZnS:Cu,Cl
Phosphor (hyper-maintenance) (standard)
Frequency (cps) 60 5000 60 5000
Brightness (ft-L) 2.2 230 3.2 140
Quanta (arb. units) 3.1 320 5.3 300
Emission color Yellow-green Green
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Fig. 1. Deterioration curves measured on several (Zn,Cd)S:Cu,Br
phosphors, all sulfurized and air baked, operated in dry air at
room temperature, 10 kcps.

of Br over Cl and I is clearly to be seen, and the ap-
proach of the curves corresponding to Br containing
phosphors to finite and rather high brightness levels
after long time of operation is quite obvious.

The observed effect of sulfur and air (i.e., oxygen)
on the maintenance of electroluminescence gives a clue
as to a possible mechanism of deterioration. It is as-
sumed that the phosphor deteriorates because of a
creation of deep traps due to sulfur vacancies which,
under the combined action of temperature and electric
field, diffuse from the particle surface into the interior.
This assumption is in agreement with many observa-
tions:

(A) Indications are that a commonly observed glow
peak at about —125°C is due to sulfur vacancies (5, 6).
However, the latter must be expected to be double
donors producing two glow peaks. Although consider-
able uncertainty still exists, the second level may be
the one responsible for a frequently observed glow
peak at about —50° to —20°C which was observed by
Jaffe (8) to increase strongly during deterioration.

(B) The deterioration effect is temperature depend-
ent and proportional to exp(—E/kT) where E is some

Cycles
10 109 10 11
i

10 10

100 7

10 102 103
Hours

Fig. 2. Average deterioration curves (each 4 samples) measured
on (Zn,Cd)S:Cu phosphors made with Cl, Br, or i, respectively. The
phasphors are sulfurized and air baked, operated in dry air at
room temperature 10 kcps.
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energy (1). This indicates some kind of diffusion pro-
cess involved, as already assumed by several workers.

(C) Maintenance improves with the particle size of
the phosphor (1). Hence, an influence of a competition
between particle surface (or surface-near parts) and
the volume is indicated. Since glow peaks do build up
during deterioration, a diffusion of something respon-
sible for the additional glow peaks from the surface
into the volume seems to take place.

(D) The most obvious way to improve the main-
tenance is to take care that little or no sulfur vacancies
are available at the surface of a phosphor particle
ready to diffuse into the volume, i.e., the surface atoms
of each particle shall be mostly sulfur rather than zinc
atoms. Such a phosphor particle has only a limited
number of sulfur vacancies available ready to diffuse
into the volume, so that its emission does not deterio-
rate toward zero but toward a finite level. The par-
ticle has then used up all available sulfur vacancies
from its surface and remains at a finite brightness
level without any further deterioration provided only
that no new sulfur vacancies are created at the surface.

(E) Sulfur vacancies may be occupied also by other
anions, e.g., by oxygen. Hence, a bake in oxygen [or in
air (2)] improve the maintenance considerably while
a bake in a neutral atmosphere (e.g., argon) has little
or no effect.

(F) ZnSe phosphors can be expected to contain
fewer anion vacancies on their particle surfaces than
ZnS because selenium is less volatile than sulfur.
Hence, the life time of electroluminescence of ZnSe
phosphors can be expected to be better than that of
ZnS phosphors, in general agreement with experience.

(G) Water may cause a break of the Zn-S bond be-
tween surface atoms of a ZnS crystal so that, origi-
nally, equimolar amounts of Zn and S are effectively
removed from the crystal. The reaction requires a cer-
tain energy which may be supplied by ultraviolet ir-
radiation or, in case of electroluminescence by the
same electric field which excites the phosphor. Vari-
ous, and not too well understood, further reactions
between the liberated Zn, the S, and the surrounding
(e.g., the water) are possible. These secondary reac-
tions seem to cause a desulfurization of the particle
surfaces. At least, liberated zinc frequently appears
during exposure to ultraviolet (Lenard), or during
electroluminescence in the presence of water (7), and
can be observed visually as a very thin, dark deposit
on the particle surfaces. Free surface zinc is identical
to sulfur vacancies on the particle surfaces, ready to
diffuse into the particles.

The proposed deterioration mechanism is accessible
to a semiquantitative analysis. Let the time-average of
steady-state emission be L = 8/M where M is the con-
centration of deep traps in the particle volume, and
where g represents all other parameters. It must be
supposed that the traps denoted by M are deep enough
that a captured electron has little chance of escape
during one cycle of the applied frequency. The concen-
tration of sulfur vacancies at or near the surface may
be C. When they diffuse into the volume, they decrease
at a rate proportional to C which gives

C = C, exp (—at) [1]

where C, and « are constants, and t is the time. Simul-
taneously, the concentration of deep traps in the vol-
ume increases with the same rate

dM/dt = —dC/dt = a C, exp(—at)

which gives
M = M, + C, [1 — exp (—at) ] [2]

Hence, the emission intensity at any given time, nor-
malized to the “zero-hour” intensity L,, is

L/Lo = Mo/M = {1 + (Co/M,) [1 — exp(—at]}~1 [3]

This is a function of the ratio L/L, on the variable at
with one parameter, the ratio C,/M,. The function is
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Fig. 3. Function of Eq. [3] for various values of C,/M, (solid
curves). Experimental values measured on a powder (standard
ZnS:Cu,Cl, dashed curve) and at a single emitting spot in a phos-
phor particle (dotted curve) are plotted on an arbitrary time scale.

shown in Fig. 3 where the curves with the lowest
ratios of Co/M,, i.e., those representing the best main-
tenance, do approach rather substantial values of L/L,
for at > . In contrast, the curves with high values
of Co/M,, representing poor maintenance, do not only
go down very soon, they also approach finite values of
L/L, very close to zero. In this case of C, >> M,, Eq.
[3] reduces to L/L, = 1/(1 + t/tv) where v = M,/
(Coa) which is the hyperbolic decay first reported by
Roberts (8).

These equations represent ideal cases only. In prac-
tice, the situation most certainly is obscured by many
complications so that a more detailed calculation seems
to have little sense. One complication is the fact that
all real phosphors contain particles of many different
sizes and, hence, different deterioration rates. If the
deterioration curve of such real phosphor containing
a wide particle size distribution is analyzed, one finds
that the curve becomes somewhat shallower but never
steeper than the ideal curves described by Eq. [3].
This is also in agreement with experiment. Figure 3
shows the deterioration curve measured on a real
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phosphor (a standard ZnS:Cu,Cl) which, indeed, is
shallower than the ideal curves. The other experimen-
tal curve in Fig. 3 is that measured on a single emitting
spot inside of one particle [measured by Haberland
(9) 1. One may safely assume that we are much closer
to ideality in this case than in the case of a phosphor
containing many particles and, indeed, the experimen-
tal curve follows the ideal ones very closely.

The proposed mechanism of a sulfur vacancy mi-
grating from the particle surface into the volume is,
of course, still a very crude approach to reality. Other
atomic or ionic diffusions may occur besides those of
sulfur vacancies. It is also possible that the assumption
of only the outermost surface of a particle to be of
influence is too extreme and that, in reality, surface-
near layers several atoms deep are involved. These and
other questions are still to be answered.
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Anomalously Large Photovoltages in a New Photovoltaic Cell

P. N. Ramachandran and R. E. Salomon
Department of Chemistry, Temple University, Philadelphia, Pennsylvania

ABSTRACT

Unusual photoeffects have been observed in the cell Zr/ZrO/gas phase/M
where M represents a metal plate of copper or brass and ZrQ; is in the form
of an anodic film. Photovoltages greatly in excess of the band gap of ZrO; are
observed when Zr is cooled to liquid nitrogen temperatures and the anodized
face of Zr and M are irradiated with ultraviolet light. The photovoltage in-
creases with degassing time and with time of cooling and eventually reaches
a steady maximum value. M can be replaced by a hot filament, and again
large photovoltages are produced between Zr and the filament although only

Zr need be irradiated in this case.

Photoeffects observed with anodized zirconium elec-
trodes in which an electrolyte serves as a transparent
contact have previously been reported (1, 2). The re-
sults of similar studies with aluminum and tantalum
in which the electrolyte was replaced by a semitrans-
parent evaporated metal coating have been described
(3) and attributed to a work function difference be-
tween the contacts. Other workers (4) have inter-
preted the photoeffects arising with tantalum elec-
trodes as due to a p-n junction within the oxide film.
In a p-n junction photovoltaic cell the maximum pho-
tovoltage is limited to the width of the forbidden zone
(5) which in the case of anodic ZrO, is about 5.5 ev
(6). Photovoltages larger than this, as high as 90v,
were reported by us (7) for anodized zirconium elec-
trodes that were coated with a semitransparent metal,

cooled to liquid nitrogen temperatures and then ex-
posed to ultraviolet radiation of wavelength less than
2500A. Although a number of other electrode systems
have been reported to exhibit larger than band gap
rhotovoltages (8, 9) the potential invariably appeared
between contacts bounding a few centimeters of the
photosensitive material and hence could be rational-
ized by various multiple junction mechanisms (10).
Further studies on the low-temperature photoeffects
occurring with anodized zirconium electrodes have led
us to conclude that the electrical potential difference
originally reported is actually developed between the
zirconium and the grounded metallic cell chamber.
The metallic chamber functioned as a photoemissive
contact excited by stray ultraviolet light. This acci-
dental finding led to the design of a new cell which
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carefully defines the conduction path. It was also
found that the evaporated metal film was unnecessary
for the attainment of a larger than band gap photo-
voltage (LBGPV). Only a small voltage, less than 1v,
was developed between zirconium and an evaporated
metal coating on the oxide, when the electrode was
cooled and irradiated with ultraviolet light. A some-
what larger photovoltage was obtained with this elec-
trode when the experiment was carried out at room
temperatures.

Since the LBGPV occurred in a system that was in
some ways similar to an electrochemical cell, with the
gas phase replacing the usual electrolyte, a new vari-
able, namely the composition of the gas phase is avail-
able for study. It was therefore desirable to carefully
define the conditions necessary for the attainment of
a LBGPYV in the cell Zr/anodic ZrOz/gas phase/M. M
refers to a photoemissive metal electrode, and both the
anodic film and M are irradiated with ultraviolet light.
In this paper a description of the construction, opera-
tion, and results obtained with this cell are given.

Experimental

Zirconium bars obtained from the Wah Chang Cor-
poration, Albany, Oregon, containing about 1000 ppm
total impurities were used in most of the studies. The
use of other sources of supply did not lead to any
noticeable differences in results. One face of the bar
was mechanically abraded and polished and then
etched in a manner previously described (7). The elec-
trodes were rinsed in distilled water and transferred
to an anodization beaker before the surface dried.
Most of the anodizations were carried out at 30.0°C in
a.fsg)dium borate-boric acid solution buffered at a pH
of 8.

The formation voltage was raised slowly over a
period of 5 min to the desired value and maintained
for 24 hr. After anodization the electrode was washed,
dFI'.ied’ and placed in the electrode chamber shown in

ig. 1.

The electrode chamber was fabricated from Pyrex
except for the two quartz windows. The chamber was
electrically shielded with % in. copper plate. The elec-
trode was mounted on a copper block which was
soldered to a kovar seal. The copper block sealed the
bottom of a demountable Dewar to which liquid nitro-
gen could be added for the attainment of low tempera-
tures. A thermocouple was fastened to the Zr by
means of a set screw. Electrode M was mounted in a
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Fig. 1. Electrode chamber and light source: A, front view. B,
top view.
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similar manner at a distance of 5 cm from the Zr elec-
trode. In this manner both Zr and M could be irradi-
ated independently using the same light source. The
light source was a GE UA-2 Uviarc mercury lamp.
The lamp was positioned approximately 12 cm from
the face of both electrodes. The lamp was air cooled
and found to be steady in output after a short warmup
time. Although the intensity could be varied by con-
trolling the lamp voltage it was necessary to use neu-
tral filters to vary the intensity because of the varia-
tion of spectral output with lamp voltage. Unfortu-
nately, the intensity of the incident illumination can-
not be given because the high light levels required
could only be achieved through the use of polychro-
matic light.

Pressures as low as 10=¢ Torr could be achieved by
means of a liquid nitrogen trapped oil diffusion pump.
A mass spectrometer was used to determine partial
pressures. Potentials were measured with both a
Keithley 621 electrometer and a L&N Millivolt Indi-
cator in conjunction with a bucking circuit. These
instruments essentially measure open-circuit poten-
tials. By shunting the electrode with a 10 megohm
resistor both instruments measure short circuit photo-
currents because of the high impedance of the elec-
trode.

In some cases metal M was replaced by a small
tungsten filament which was permanently fixed in a
position outside of the incident light beam.

The LBGPV was studied as a function of degassing
time, cooling time, anodizing solution, formation volt-
age, light intensity, and partial pressure of oxygen.
When M was replaced by the tungsten fillament the
LBGPV was studied as a function of filament current.
Both open-circuit photovoltages and short circuit pho-
tocurrents were measured.

Results

A quantitative description of the photovoltaic effects
associated with the cell described is precluded because
of the complicated hysteresis of the system. Certain
generalizations, however, are quite apparent, and an
examination of the data to follow will show this.

The LBGPV could only be obtained on systems
which were degassed for over 24 hr and in which the
zirconium electrode was cooled to about 80°K for
several minutes. In this temperature range the photo-
voltage was at most a slowly varying function of tem-
perature. It was necessary to irradiate simultaneously
both the anodized face of Zr and M with light of wave-
length less than 2500A or to replace M by an elec-
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Fig. 2. Typical chronopotentiograms for a Zr/ZrO; (formation
voltage of 60v)/gas phase (107¢ Torr)/Cu. a, pre-irradiated Zr,
relative intensity 1.75; b, relative intensity 1.75; ¢, relative in-
tensity 1.00.
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trically heated tungsten filament, F, while Zr alone
was irradiated in order to obtain the LBGPV. Stable
measurements could only be obtained when the cell
was well shielded and the potential measured with
high impedance electrometers.

Zirconium always became negative with respect to
M or F. The potential rises to a maximum value in a
period of minutes. The rate of approach to this maxi-
mum depended on the light intensity although at the
light levels used, the maximum photovoltage was in-
dependent of intensity as can be seen in Fig. 2. At
room temperature the cell behaved as an electrically
open circuit even when both electrodes were exposed
to ultraviolet light.

In general it was found that electrodes anodized in
sodium borate-boric acid buffer solutions developed
somewhat higher photovoltages compared to electrodes
anodized in citrate or phosphate buffers when all other
parameters were held constant. When all other param-
eters were maintained at a constant value the maxi-
mum photovoltages increased as the logarithm of the
oxygen pressure for the three pressures which were
experimentally accessible. Some auxiliary experi-
ments showed that only oxygen among all the residual
gases caused an enhancement of the photovoltage.
Photovoltages and short circuit photocurrents for the
various gas mixtures are given in Table I.

The increase of the photovoltage with cooling time
after a 48-hr degassing period can be seen by the data
in Table II. The results indicate that the effect of cool-
ing is not completely reversed by bringing the elec-
trode to room temperature. This was the reason why
the same sample was not anodized successively to
higher voltages and the photovoltage measured at each
point. In particular, it is to be noted that in several
cases the photovoltage does not change after several
hours of cooling.

When the filament was used in place of M it was
found that small changes in filament current did not

Table I. Maximum photovoltage and short-circuit photocurrent
as a function of gas pressure at constant light intensity for
a Zr/ZrOq (60v)/gas phase/Zr cell with two similar electrodes

Elec- . Photo- Photo-

trode P He p O2 p N2 p H20 voltage, current,

No. Torr Torr Torr Torr v amp

1 5x 105 2 x 108 1 x 105 9 x 107 56 1.2 x 10-®
1 — 2 x 107 2 x 108 7 x 10-7 44 0.9 x 10-9
1 5x 10 1x10-7 3 x 10 4 x 10-7 41 0.7 x 10-*
2 —_ 4 x 10 2 x 10-5 8 x 10-7 32 1.4 x 10-¢
2 — 3 x 107 2x 104 5 x 107 28 1.0 x 10-?
2 — 2 x10-7 4x 102 4 x 10-7 25 0.8 x 10-¢

Table 1l. Maximum photovoitage as a function of pressure and
time of cooling for a Zr/ZrO2/gas phase/Cu cell

Formation Total Maximum
voltage, pressure, Time of voltage,
Electrode No. v Torr cooling, min v
1 100 3 x 10-5 10 10
1 100 3 x 10-5 20 20
1 100 3 x 10-5 45 27
1 100 3 x 10-5 60 30
1 100 3 x 10-5 75 30
1 100 3 x 10-5 Several hours 30
1 (after warm 100 6 x 10+ 15 21
up)*
1 100 68 x 10-+ 30 35
1 100 6 x 104 80 45
1 100 6 x 104 20 52
1 100 6 x 10~ 120 52
1 100 6 x 10+ Several hours 52
4 60 6 x 10—+ 30 1.8
4 60 6 x 10—+ 45 24
4 60 8 x 10—+ 55 3.3
4 60 8 x 10+ 80 4.7
4 60 8 x 10—+ 155 13.0
4 60 6 x 10—+ 275 28.0
4 60 6 x 10—+ Several hours 97.0

* The electrode was brought to room temperature.
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Fig. 3. Short-circuit photocurrent vs. filament current at constant
light intensity for a Zr/ZrOy (formation voltage of 60v)/gas phase
(10— ¢ Torr)/filament.

affect the maximum photovoltage, but did affect the
rate of increase of the photovoltage. The results were
similar to those shown in Fig. 2 with filament current
replacing light intensity as the third variable. The
short-circuit photocurrent, however, was quite sensi-
tive to filament current as is shown in Fig. 3. It is to
be noted that the system was not at saturation.

In some cases M consisted of an unanodized zir-
conium bar which was also cooled to liquid nitrogen
temperatures. The observation of the LBGPV with
this system indicates the importance of the anodic film
and eliminated the necessity to consider thermoelectric
effects.

One experiment which was considered quite reveal-
ing involved the simultaneous irradiation of M and Zr
after Zr alone had been irradiated for over a minute.
The open-circuit photovoltage reached its maximum
value in a few seconds. When the sequence was re-
versed the photovoltage rise curve was identical to
that obtained when both electrodes were irradiated
without prior irradiation. This is shown in Fig. 2.

Discussion

It is easy to define the conduction path in the cell
described and account for potentials up to 5 or 6v. The
effect of oxygen is also quite understandable. Conduc-
tion in the gas phase is electronic and originates at
the photoemissive or thermionic emissive electrode.
The long degassing period at room temperature frees
the oxide film from trapped oxygen. At low tempera-
tures, oxygen is adsorbed at the oxide film-gas phase
interface. An insulator which is bordered by a metal
with a low work function and a strongly electronega-
tive component such as oxygen will become polarized
so that the electrochemical potential becomes uniform
throughout. The absorption of light by the film leads
to the creation of holes and electrons, the latter mov-
ing toward Zr and the former toward the adsorbed
negative oxygen ions which thereby become dis-
charged. Electrons arriving from the emissive contact
recharge the adsorbed oxygen layer. The driving force
in the process is the oxidation of zirconium. The line-
arity of the photovoltage with the logarithm of the
oxygen pressure is suggestive of a reversible cell. Of
course, even if such a reversible cell could be pre-
pared the potential could hardly be expected to exceed
10v. The difference between the rise curves obtained
when Zr or M is pre-irradiated, followed by the simul-
taneous irradiation of both, conforms to the general
description presented. The lag is probably related to
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deep lying traps in the oxide film. It was noted that
the photopotential decayed extremely slowly when the
illumination was discontinued and this is another
characteristic of a photoconductor with deep lying
traps.

The conventional mechanism for photovoltaic cells
cannot be used to account for the effects reported.
The reasons for this may lie in the nonuniform nature
of the oxide although it is difficult to conceive of a
circumstance which would enable the results to con-
form to the general theory. One cannot entirely rule
out the possibility of multiple thin junctions which
could add photovoltages in a series fashion, although
their existence seems unlikely. Without invoking mul-
tiple junctions it would appear that the present day
glmory of photovoltaic effects is not generally applica-

e.
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Precipitates of Phosphorus and of Arsenic in Silicon

M. L. Joshi

Systems Development Division, International Business Machines Corporation, East Fishkill, New York

ABSTRACT

Precipitate particles were observed through transmission electron micros-
copy at different depths in silicon wafers diffused with a very high con-
centration of phosphorus. The precipitates, believed to be phosphorus com-
plexes, were of various shapes, square, rod-like, and hexagonal, with no defi-
nite orientation in the silicon matrix. Silicon wafers diffused with high con-
centration of arsenic also showed elongated precipitate structures with no

definite orientation.

The electric properties of semiconducting materials
such as germanium and silicon doped with impurities
belonging to the III and V columns in the periodic
table and in excess of 1019 at./cc are found sensitive
to precipitation phenomena (1-4). The precipitates of
phosphorus in Si diffused with phosphorus (Cs =~
1021/¢cc) have been directly observed with the tech-
nique of transmission electron microscopy (5, 6). Ar-
senic precipitation was also observed with the same
technique in germanium (1). These precipitates have
been reported to account for the difference between
the total concentration and the electrically active con-
centration (1, 3, 7). It has been fairly well established
that, in general, there is a limit to the substitutional
accommodation of the III and V column impurities
in silicon and germanium, and the amount exceeding
this limit is expected to be in the interstitial sites or in
precipitates.

In this paper, we are submitting further evidence of
precipitates caused by diffusion of high amounts of
phosphorus and arsenic in silicon and observed
through transmission electron microscopy. Phosphorus
precipitates are observed in specimens diffused from
both P»Os and PHj; sources. Their growth has been
shown to be sensitive to the rate of cooling from the
diffusing temperature,

Experimental

Diffusion.—Phosphorus.—Two wafers (10-mil thick
and 1 in. in diameter were cut parallel to (111) from
a Czochralski-grown boron-doped (=~ 10'% cm—3) sili-
con single crystal of low dislocation density (~ 1038
em~—2). The silicon wafers were lapped and chemically
polished to remove any surface damage. The wafers
were diffused (in an open tube furnace configuration
at 1150°C) from a P»Oj source. One of the wafers was

removed from the diffusion furnace and allowed to
cool on a quartz platform in room air. The removal of
the other wafer, through the furnace tube, was done
with a slower speed than the above, allowing it to cool
to about 600°C at the open end of the tube furnace
and then was permitted to cool on the quartz platform.

A wafer lapped and polished similarly to remove
the surface damage was diffused to about 2. depth
with phosphorus from a phosphine (PHj) source. The
diffusion was done in an open tube furnace configura-
tion at 970°C with a proper mixture of PHj;, O, and
N; flowing over the wafers. The phosphorus surface
concentration was found to be ~ 2 x 102! at./cc.
Arsenic.—Arsenic was diffused (surface concentration
~ 5 x 1020 em—3 and junction depth = 2x) in an evacu-
ated closed quartz capsule (vacuum = 10—6 Torr) into
a boron-doped (~ 1.5 x 1016 ¢m—2) silicon wafer (at
1100°C) previously treated for the removal of the
surface damage. Elemental arsenic was used as the
source of diffusion. The quartz capsule prior to seal-
ing was cleaned with a HF-HNO; mixture, rinsed, and
heated to 1000°C to remove moisture.

Specimen preparation.—The specimen preparation
was similar to that reported in the earlier article (5).
To obtain transparency to the electron beam of the
microscope, the samples were chemically polished
down to a few thousand angstroms from the other side
of the surface under study using the solution (5) usu-
ally used for chemical polishing of the lapped wafers.
It is of advantage to use slightly warmer solution than
that at the room temperature.

Observations

A Philips electron microscope (100B) was used for
transmission electron microscopy of the specimens.
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Fig. 1a. Phosphorus (source, P3Os) diffusion induced square parti-
cle in the layer Vau deep in the diffusion profile. Magnification
46,000X. The particle before acid washing.

Fig. 1b. The same particle as shown in Fig. 1a after acid washing

Particles believed to be precipitates of phosphorus
were observed throughout the diffused layers (P:2Os
source). Figure la shows a dark square particle (at the
depth of Y4u) with the broken film of silicon around.
Mixtures used for electro- or chemical thinning have a
tendency to leave a surface deposit on the specimen,
sometimes as distinct foreign particles. Washing of the
specimen in HNOQO; and subsequently in HF should re-
move some of these; washing in acetone and water re-
moves “dirt” soluble in these solvents. This procedure
of washing is illustrated in Fig. 1a and 1b. Figure 1b
shows the square particle after washing for a short
time (less than half a minute), and the dark film
visible in Fig. la seems to be partially washed away.
Since the specimen has a thickness of about 50004, a
large particle like this could partially emerge on both
sides of the film after intensive washing. Then it is
found that the impurities intrinsic to the square par-
ticle start washing away very fast. However, the local
misorientation in the matrix due to precipitation per-
sists. Figure 2 shows phosphorus precipitates at the
depth of 1%y in the same wafer; some of them are
square, some rectangular, and some partly hexagonal.
There is no significance with regard to the orientation
of these precipitates in the silicon lattice. Figures 3a
and 3b are the bright field and dark field micrographs
(under a strong <220> operative reflection) of the
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Fig. 2. Phosphorus (source, P2Os) diffusion induced precipitates
in the layer 1%2u deep in the diffusion profile. Magnification
50,000X.

Fig. 3a. Phosphorus (source, PH3) diffusion induced precipitates in
the layer 0.2» deep in the diffusion profile. Magnification 19,000X.
Bright field view.

precipitates at the depth of 0.2« in a sample diffused
with phosphorus using the phosphine source. The simi-
larity between these and those observed in Fig. 2 is
cbvious. Figures 4a and 4b are believed to represent
the precipitates decorated with copper and are 5 to 10x
in size, as seen through reflection microscopy using
white light.

The copper-decorated precipitates, observed by re-
flection microscopy, were found to lie at the depth of
1 in the sample cooled with a deliberate slow speed
from the diffusion temperature. Copper decoration of
the precipitates was accomplished as follows: The
method of the anodic oxidation with which we arrive
at a particular depth in the diffused sample involves
use of a jig in which the silicon strip rests on a copper
block (anode); the other side of the strip is exposed
to the anodizing solution connected to a platinum
cathode. A small portion of the copper block exposed
to the anodizing solution provides a source of copper
atoms which were deposited preferentially on the pre-
cipitates instead of on to the platinum cathode. Al-
though the mechanism of this copper deposition is not
understood, the effect indicates that there exists a cer-
tain negative charge on these precipitates. The size of
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Fig. 3b. Dark field view corresponding to Fig. 3a

Fig. 4a. Particles developed by slow cooling from diffusion tem-
perature and observed by optical microscopy. Magnification 530X.

Fig. 4b. Same as Fig. 4a

these precipitates is much larger than those observed
in the samples described earlier. The significant thing
is that they are isomorphous with those observed by
electron microscopy.

Figure 5 represents the observation under a strong
<220> operative reflection of precipitates in the sur-
face of an arsenic diffused sample. Again there are no
specific directions in which the precipitates could be
imagined to extend. No observation of precipitates
could be made in the depths of the arsenic diffused
profile.
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Fig. 5. Arsenic (source, elemental As) diffusion induced precipi-
tates. Magnification 50,000X.

Only the particles of specific shapes are presented
here, although diffused precipitation was often ob-
served. Occasionally to determine whether a particu-
lar defect was structural or not, a dark field image
was obtained (Fig. 3b). In thick regions Kikuchi lines
were invariably observed in diffraction indicating that
the strains involved in accommodation of these defects
did not affect the lattice homogeneity. The selected
area diffraction study is still inconclusive, since a
rather speculative approach is needed regarding the
definitive identification of their nature.

Discussion

Although it was not possible to establish positively
the chemical nature of these precipitates, they can be
reasonably assumed to originate during the diffusion.
They could affect the electrical behavior of the junc-
tions (8) and contribute to the deviations (1, 3). Re-
cently neutron activation analysis was used to study
the behavior of the phosphorus during its diffusion into
silicon and silicon oxide films (7). This study confirms
the existence of Si-P (7) phase in the surface layers
of the silicon diffused with P20Os. The concentration of
the phosphorus in the surface layer thinner than 0.1ux
was shown to be of the order of 1022 at./cc which is an
order of magnitude higher than the latest solid solubil-
ity limit established by the same technique. One could
expect the precipitation of the second phase Si-P when
the concentration is higher than this limit (7). How-
ever, the observation of the precipitates extends much
deeper towards the junction indicating the formation
of the second phase is not confined to the surface
layers only. The growth of the precipitates (Fig. 4a,
4b) with slower cooling from the diffusion tempera-
ture is in agreement with the precipitation model (3).
It is also important to note that the multiform pre-
cipitates of phosphorus and their indefinite orientation
are not in accordance with the observations of Schmidt
and Stickler (6). Consequently, it is not possible to
support the crystal structure and the precipitation
orientation of Si-P in relationship with silicon matrix,
as deduced by the above authors.

Observation of the arsenic precipitates is also con-
sistent with the interpretation of the deviation of dif-
fusion profiles of arsenic from the strict erfc distribu-
tion (9). The precipitation in these samples is confined
only to the surface. This implies that the arsenic sur-
face concentration ~ 5x1020 cm—3 is not far away from
the solid solubility limit. These precipitates also seem
to be not isomorphous with those of Si-P.
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Films on Germanium
Dioxide Process

Myron J. Rand and John L. Ashworth

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania

ABSTRACT

An ambient composed of hydrogen (= 95%), carbon dioxide (0.5-5%)
and silicon tetrabromide (0.1-1%) will deposit a film of silica on a substrate

y

heated to 800°-850°C. The process has particular application for coating ger-
manium for high-speed planar device technology; it is useful for silicon also.
The reaction may be carried out immediately after epitaxial germanium dep-

osition in the same equipment.

Silica growth rates are of the order of 100 A/min; rates for various tem-
peratures and concentrations are presented. Apparent activation energy is
30 kcal/mole. The oxide films are clear, vitreous, and adherent, with no detect-
able structure. Electrical properties of MOS diodes made on silicon are com-
parable to, or superior to, conventional steam-grown oxide. The film is a satis-
factory mask against 1200° boron - diffusion. The silica contains about 2%
residual bromine, apparently in a form in which it is not free to migrate.

A film of silica on germanium is useful in the pro-
duction of germanium planar transistors, diodes, and
field-effect devices. The silica may serve as a diffusion
mask during processing, as an insulating layer, or as
a surface passivator.

The usual method of applying such a film is by py-
rolysis of an organosilane (1) such as ethyl orthosili-
cate or ethyl triethoxysilane, either on a hot substrate
or aided by gaseous plasma discharge (2). There is
evidence that the pyrolysis oxides contain organic
residues (3); often they are observed to have a low
refractive index and high etch rate, indicating a dis-
ordered or “strained” structure.

Idea}ly, an oxide process should be compatible with
epitaxial deposition equipment, so that a freshly de-
posited epitaxial surface can be coated with the passi-
vator immediately, without risk of contamination by
removal to another system. This requirement is met
by the carbon dioxide process (4), which has been
adapted to semiconductor device technology by Stein-
meier and Bloem (5). These investigators deposited
epitaxial Si from H: and SiCly and then, in the same
equipment, added CO; to the gas mixture and obtained
at 1150°-1300° an insulating film of glassy SiO;. How-
ever, extrapolating from rate studies in the Hy-COs-
SiCly system (5-7) it is evident that at temperatures
below the melting point of Ge (936°) no useful SiO,
film will form in any reasonable time.

An ambient of Hy, CQOy, and SiBrs vapor has been
found to produce adherent, vitreous silica films on Ge
at a temperature as low as 775°. This paper reports
experience with this system gained from some eighty
runs in a multiple-slice apparatus. In many of these,
deposition of 2-3u of epitaxial Ge from GeCly; and Hs
preceded silica film deposition. The process is carried
out conveniently at about 850° to produce a 0.4x film
with growth rates in the range 50 to 100 A/min. Rates
of 300-400 A/min may be attained by adjusting re-
actant concentrations, temperature, and transport rate
of reactants to the hot zone. Concentrations used were

0.1-1% SiBr4, 0.5-5% COs, = 95% Hj. Most of the in-
formation presented here is from Ge coating experi-
ments, but the process has been used extensively on
Si as well, where it is equally simple and reliable.!

Experimental

The train for introducing the reactants was con-
structed so that only glass, stainless steel, and Teflon
were in contact with the gases. Carbon dioxide was
Matheson Company Coleman grade. Passing it through
a —78° trap had no effect on the silica deposition rate.
Tank hydrogen was passed through a Pd-Ag diffusion
purifier, and also through a liquid nitrogen trap. It
was established that the Hz-CO; mixture (without the
SiBrs) at 850° had no effect on the appearance of the
Ge substrate surfaces. Silicon tetrabromide (Stauffer
Chemical Company) was revealed by infrared ab-
sorption (8) to have minor organic contamination;
however, one batch which was passed through a
packed column at 700° and then fractionally distilled
did not appear to produce a superior oxide. The SiBry
saturator was usually operated near 25°, at which the
vapor pressure is 7.7 Torr. Lower concentrations were
obtained by diluting the saturated gas with pure hy-
drogen. The temperature of the GeCl; saturator (for
Ge epitaxy) was controlled automatically by thermo-
electric refrigeration and a thermistor sensing probe.

The arrangement of the deposition section of the ap-
paratus is shown schematically in Fig. 1. Up to nine
slices could be coated simultaneously on the r.f.-heated
horizontal rotating molybdenum platform. The usual
Ge substrates were 6 mil thick, 0.005 ohm-em Ga
doped, electropolished. Many experimental slices of
other resistivities of both Si and Ge were coated also,
as well as Mo, Ta, and fused silica. Any epitaxial Ge
deposition was done at 850°.

Temperatures were measured by a Latronics Colo-

1 An early experiment with the bromide system was carried out
by S. K. Tung and P. Buchman of these Laboratories.
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Fig. 1. Detail of deposition chamber

ratio optical pyrometer,2 which determines the ratio
of the emission at two wavelengths in the visible
range. This instrument has built-in calibration points,
but it was also checked with chips of known melting-
point materials resting on silica-coated Si slices. It is
difficult to get an accurate temperature reading on a
surface covered with a thin, transparent, growing
film, owing mostly to interference colors; this is par-
ticularly true with a single wavelength optical pyrom-
eter. This difficulty is probably responsible for much
of the spread in activation energy reported by various
investigators of the H,-CO2-SiCls deposition process.
Finally it should be realized that because the film is
transparent the temperature being measured is mostly
that of the substrate surface, which is not the surface
where the reaction is taking place. A possible error of
20° in the temperature of the reaction site during
oxide growth is a realistic estimate.

Oxide film thicknesses were determined from the
pattern of interference minima in the reflection spec-
trum in the 190-750 mg range (9), using a Perkin-
Elmer 202 spectrophotometer. Thicknesses below 0.1u
were measured by ellipsometer.

Results

The Hy-CO,-SiBr; reaction gives transparent,
smooth, tightly adherent films on Ge substrates at any
temperature from about 775° up to the melting-point
of Ge. The films have no structure discernible by elec-
tron diffraction. Electron microscope examination
rarely shows any surface features, pinholes, or cracks.

Figure 2 shows the rate of deposition of the oxide
over the range 800°-950°C for three different combina-
tions of reactant concentrations. Log rate vs. 1/T°K is
linear; the plots for different concentrations have the
same slope, and the rate is the same for Ge and Si
substrates. (It is the same for Mo or SiO, substrates
as well.) Probably a single reaction is the rate-deter-
mining step throughout the range, and this reaction
does not involve the substrate surface. The 30 kcal/
mole activation energy is substantially less than the
50-80 reported (5-7) for the Hp-CO3~SiCly svstem.

Within the range of conditions represented in Fig. 2,
the deposition rate depends on temperature, SiBrys con-
centration, CO; concentration, and total flow rate, in
decreasing order of importance. Careful examination
of all the variables is not warranted since in a depo-
sition chamber of different geometry and different gas
flow pattern rates are somewhat different; each ap-
paratus requires an experimental calibration, after
which rates should be reproducible to * 10%, as they
were here. The total flow rate in the runs of Fig. 2
corresponds to about one displacement of the deposi-
tion chamber per minute.

Since total flow rate does have a minor, but not

2 Latronics Corporation, Latrobe, Pennsylvania,
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Fig. 2. Kinetics of silica deposition by the H2-CO-SiBry process.
Rate of SiO2 formation: O, on Ge; ®, on Si. E; = 30 kcal/mole.

negligible, effect, it is probable that mass transport to
the reaction zone limits the reaction rate, and that the
observed rates are not quite true kinetic rates. In
multislice equipment of several liters’ capacity this
situation is difficult to avoid without great waste of
reactants.

Deposition rate is linear with SiBrs; concentration
up to 0.1-0.2%, above which there is progressively less
effect. The influence of COy concentration has been
tested only well above the stoichiometric requirement;
here doubling the concentration increases the rate by
some 15%.

The oxide deposition rate is essentially linear with
time, Germanium slices were put into the deposition
chamber at various times during a run and removed
after intervals, so that deposits sampling the effects of
run duration and oxide thickness independently were
obtained. There were some minor aberrations early in
the run, but in general the slopes of the thickness vs.
time plots were in excellent agreement. Deposition
rate is thus little influenced by the duration of the run
or the amount of oxide already present on the sub-
strate.

On occasion a local area of the deposited oxide ap-
peared cloudy and whitish., The film was obviously
not vitreous here, but there was still no structure evi-
dent to electron diffraction. Tests with the electron
beam microprobe showed no concentration of any im-
purity. They did show a significantly higher silicon
count per unit area, indicating a thicker deposit. The
cloudy areas were porous in tests as diffusion masks
or dielectrics. Frequently they occurred on one Ge
substrate and not on the neighboring one in the same
run; they never appeared in films on Si substrates. No
correlation was found with various Ge cleaning pro-
cedures; in fact, on many occasions hole-free films were
made on substrates used as received, with no cleaning
whatsoever. Some connection was observed, however,
with substrate source, although it is not clear whether
the original material or the preparation and polishing
procedure was involved.

Cloudy oxide areas became much less common when
regular removal of deposited silica from the molyb-
denum pedestal and other surfaces in the deposition
chamber was instituted. The interpretation is that the
silica adsorbs moisture from the atmosphere when the
apparatus is opened, and then desorbs it on heating
during the next run. It is well known that water vapor
accelerates the devitrification of silica and other
glasses. It is also known from studies on evaporated
metal films that adatoms have more surface mobility
on Ge than on Si.

Present evidence is that cloudy oxide areas are de-
posits of minute amorphous silica particles which con-
stitute favored sites for the nucleation of still more of
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Table 1. Typical properties of silica films from H-C05-SiBry
(0.2%), 850°

1050° Steam
oxide

Deposited
oxide

% Br 2-2.
Ref. index, 546 my 1.48
I.r. transmission minimum, u 9.2
Water contact angle 4
Relative etch rates, P etch*
0.1% SiBry 2
0.2% SiBry 3
0.6% SiBry 3
675° ethylorthosilicate pyrolysis 9
“Pinholes”/cm?2 ** 28 28
MOS diode results
Substrate Ge Si Si
Number of samples 34 10
Surface type
Surface state den-
sity/cm?
Dielectric constant
at 0.5 mc
Breakdown voltage,
v/A

P n n
7 x 102to >1013 3-6 x 101 ~8 x 101

3.7-4.2 3.5-4.1 ~3.9

0.11-0.22 0.20-0.24 0.08-0.10

* Ref. (10).
** 2% hr in amine-catechol etch, 110°C, ref. (11).

this form of deposit. Both a germanium surface ano-
maly of some sort and an excessive water vapor con-
centration would be required; neither condition alone
will account for the experimental observations.

Evaluation of the Oxide

A summary of various properties and tests of the
H>-CO,-SiBry deposited silica appears in Table I. It
will be noted that there is residual bromine in the
film, detected by x-ray fluorescence analysis. Hy-COs-
SiCly oxides made at 1150° contain 0.5% Cl. Bromide
process oxides made at 850° contain about 2% Br, and
proportionately higher amounts if > 0.2% SiBry was
used, Bromine is probably present as unreacted Si-Br
linkages rather than bromine-containing by-products,
e.g., HBr, trapped in the reaction zone by the deposit-
ing silica. A 1-hr pump at 700°C and 10—¢ Torr did not
reduce the bromine content.

The bromine content of the film probably accounts
for the slightly high refractive index. The infrared
transmission spectrum (2-25x) compares closely with
that of steam-grown oxide, with slightly greater ab-
sorption band half-widths. The high water contact
angle predicts excellent adherence of Kodak Photo-
resist (12), and this is what is found; in fact, on oc-
casion the bromide process has been used to deposit
~ 1000A silica over phosphorus glass to provide a
more hydrophobic surface for KPR.

The higher etch rate of bromide process oxides is
probably more a consequence of low deposition tem-
perature than bromine content. Etch rate does not
change as the film is thinned, at least down to 900A.

Evaluation of electrical properties by MOS diode
structures on both Ge and Si is included in Table I.
A p-type surface apparently is produced on Ge, with a
rather high acceptor state density; on Si the usual n-
type surface is seen, with a surface-state density usu-
ally lower than that produced by steam. Breakdown
voltages are superior, particularly on Si; generally
there was little leakage in advance of breakdown. The
behavior of the MOS diodes reinforces the belief that
the bromine impurity is not ionic, or at least is not free
to migrate in a field.

The bromide-process oxide has been used as the first
oxide, following epitaxv, on both Ge and Si planar
structures, with satisfactory performance. It is also an
entirely adequate diffusion mask against severe condi-
tions such as boron diffusion into Si at 1200° for 2 hr,
In this test, it was established by step-etching that
boron penetration into the oxide was no more rapid
than it is in a 1200° steam oxide. Furthermore, the
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oxide remaining, beyond the boron front, etched at a
rate little different from that of 1200° steam oxide,
rather than the three-times factor before treatment.
The obvious inference is that the as-deposited oxide
film is rapidly “densified” by further heating and be-
comes indistinguishable from a high-temperature ox-
ide in many of its properties.

Discussion

It has been demonstrated that the Hz-CO2-SiBry
system produces good silica films at temperatures some
300° lower than the analogous chloride system and is
consequently useful for germanium solid-state device
technology. The mechanism of the reaction is less
clear. In published reports the carbon dioxide process
has been regarded as a combination of two reactions

H2+CO2-'(:)H20+CO [11]
SiCly 4+ 2H20 —» SiO¢ -+ 4HCI [2]

with [1] believed to be the slow step. Authors are un-
doubtedly aware that this picture is certainly much
too simple. In spite of its commercial importance the
kinetics of reaction [1] is not well understood, but
very likely it proceeds by a chain mechanism involv-
ing free radicals. It would be surprising if the rate-
determining step were not influenced by any of the
species of reaction [2]. If the CO2-H>-SiBrs reaction
goes as fast at 850° as the chloride reaction at 1100°
obviously [1], as written, cannot be the sole rate-de-
termining reaction. Reaction [2] could be, but it is
more likely that the silicon halide somewhere enters
into the mechanism of [1], or catalyzes it. The hydro-
gen halide by-product has no significant effect on the
H2-CO- reaction (13). All that may be said at present
is that the existence of the low-temperature bromide
process, with its different energy of activation, is evi-
dence that the carbon dioxide process for oxide depo-
sition must be complex.
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Impurity Distributions in Single Crystals
I. Impurity Striations in Nonrotated InSb Crystals

K. Morizane, A. F. Witt, and H. C. Gatos
Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts

ABSTRACT

Single crystals of InSb were pulled without rotation from the melt in the
presence of tellurium or selenium impurity employing a Czochralski-type
apparatus. The formation of pronounced periodic and nonperiodic impurity
striations was observed; their appearance and origin were studied as a function
of the thermal conditions prevailing in the immediate vicinity of the solid-melt
interface. It was concluded that the formation of such striations is the result of
temperature fluctuations at the interface brought about by convection cur-
rents in the melt which in turn are caused primarily by sharp temperature
gradients in the growing crystal near the interface.

Semiconductor single crystals grown from the melt
by the Czochralski technique frequently exhibit
heterogeneous distributions of impurities. A commonly
observed heterogeneity in crystals, grown in the <111>
direction, is the so-called “coring” which consists in
an (usually) increased impurity concentration in the
central part of the grown crystal. This higher im-
purity concentration is associated with the presence
of an (111) facet at the crystal melt interface and is
limited in its lateral extent by the area of the facet
(1,2).

Another common type of impurity heterogeneity in
rotated crystals is the impurity striations which ap-
pear as bands or lines of increased impurity concen-
tration and assume the shape of the growing crystal-
melt-interface. Such striations are attributed to non-
symmetric temperature profiles at the growing inter-
face (3,4).

Impurity striations have also been reported in non-
rotated Czochralski grown crystals of InSb (5). These
striations were attributed to temperature fluctuations
resulting from a periodic release of latent heat of fu-
sion. Recently impurity striations were reported in
InSb grown in a horizontal boat (6).

The present investigation is concerned with the de-
tailed study of the origin of striations appearing in
nonrotated InSb single crystals grown by pulling from
the melt.

Experimental Procedure

Single crystals of InSb were grown in the <111>
direction from high-purity ingots on to seeds of 12.5
mm diameter and varying lengths in a purified hydro-
gen atmosphere. In order to permit the study of the
role of temperature gradients in the growing crystals,
a seed holder was designed with provisions (after
cooler) to cool the seed by circulating various coolants
or to heat the seed by means of a cylindrical heater
(after heater). Neither the seed nor the crucible was
submitted to rotation. The temperature in the melt
and in the grown crystal was controlled and measured
with chromel-alumel thermocouples. The pulling rates
employed varied between 7 and 50 mm/hr,

Selenium or tellurium were used as impurities. The
amount of InSb placed in a quartz or graphite crucible
(30 mm ID) was in most experiments 50 g; the amount
of impurity added was 2 mg of Se or Te corresponding
to an average carrier concentration of about 1 x 1018/
cm3 in the grown crystal. All crystals were cut along
a (211) plane parallel to the growth direction. The
(211) plane was polished and etched with a modified
CP4 etchant (5 parts HNOj;, 3 parts HF, 3 parts
CH3;COOH, and 11 parts Hy0).

Results and Discussion

Role of impurity.—In a series of experiments it was
found that both selenium and tellurium impurities
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lead to the formation of striations exhibiting the same
basic characteristics. The choice of selenium for most
of the experiments was based on the greater ease with
which its striations are revealed by the modified CP4
etchant.

The amount of impurity was varied between 2 and
10 mg for a 50g melt, but no difference could be de-
tected in the ease of formation or the general charac-
teristics of the striations.

Role of pulling rate—Variations in the pulling rate
between 7 and 50 mm/hr had no apparent effect on the
formation, intensity, or the spacing of nonrotated
striations. This result indicates that the pulling rate
plays no significant role in the mechanism of stria-
tion formation under the present conditions.

It is often argued that impurity striations are due
to nonuniform pulling rates (“jerking”) caused by de-
ficient pulling mechanisms. Such pulling irregularities
were indeed detected in our system by employing a
linear transducer. However, no correlation could be
established between the pulling irregularities and the
observed striations. Moreover, several striation-free
crystals were grown under conditions in which, due to
pulling irregularities, the instantaneous pulling rate
ranged from 0 to well over 100 mm/hr. It, thus, appears
that variations in impurity  concentration expected
from changes in pulling rate (7) are not revealed as
striations.

Selenium striations and the role of orientation.—In
crystals grown along the <«111> direction, the sele-
nium striations are revealed as lines on etched (211)

Fig. 1. Impurity strigtions in @ Se-doped crystal of InSb grown
without rotation. The surface shown is a (211) plane parallel to
the growth direction. Magnification 50X.
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Fig. 2. Impurity striotions in a Se-doped crystal of InSb grown
without rotation. The surface shown is perpendicular to the growth
direction. The part of the surface without rings corresponds to the
(111) facet. Magnification approximately 5X.
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Fig. 3. Temperature profiles in the melt: (a) no seed is in con-
tact with the melt; (b) growing crystal is in contact with melt but
it is not being pulled nor rotated; (c) same as in (b) except the
“afterheater” applied to reduce the temperature gradient in the
seed.

planes (Fig. 1). On the (111) plane normal to the
growth direction, the striations appear as more or less
concentric rings on the ‘“off-core” part of the plane
which corresponds to the nonflat part of the growing
interface (Fig. 2).

The formation of impurity striations was shown to
be independent of orientation. Thus, striations invari-
ably reflect the shape of the growing interface rather
than show orientation affected characteristics. Actually
in numerous instances of twinned or polycrystalline
crystals, the striations exhibited no diseontinuities. Oc-
casionally, the striations appeared to terminate ab-
ruptly at a twin boundary. However, this behavior re-
sulted from the fact that the twin in which the stria-
tions did not appear had an unfavorable orientation for
revealing striations with that particular etchant. In
all instances an appropriate etchant could be found to
reveal the striations across the twin boundary.

Temperature measurements.—The thermal conditions
in the crystal-melt system were determined with
sheathed chromel-alumel thermocouples of 1 mm ex-
ternal diameter, which were introduced through the
melt surface. Because of the considerable thermal con-
ductivity of the sensor system, these measurements
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do not yield correct absolute temperature values,
but the arrangement is considered quite adequate for
the evaluation of temperature fluctuations.

The temperature profiles of the melt under varying
experimental conditions are presented in Fig. 3. These
measurements indicate that under the present experi-
mental conditions the isolated melt (without a grow-
ing crystal) is free of major temperature fluctuations
(curve a). Fluctuations are induced when the melt is
contacted with the seed, as a result of the induced di-
rectional heat flow which leads to convection currents
(curve b). Stable temperature conditions in the crys-
tal-melt system can be readily re-established by re-
ducing the temperature gradient in the seed by means
of the afterheater (curve c). The same system ex-
hibited extreme temperature instabilities with fluctua-
tions up to 20°C when the upper end of the seed was
water-cooled (aftercooler).

It was observed that non-rotated striations appear
primarily under growth conditions which lead to a de-
creasing crystal diameter. Such conditions are ob-
tained by raising the temperature of the melt while
keeping all other parameters as constant as possible.
Associated with any such raise in temperature is an
upward shift of several millimeters in the location of
the crystal-melt interface. (It is obvious that an ex-
cessive temperature increase will lead to the actual
disruption of the solid-liquid contact.)

The temperature profile for a static system in which
the melt was contacted with a water-cooled seed is
given in Fig. 4. Curves (a) through (g) indicate the
variations of the thermal conditions when the loca-
tion of crystal-melt interface (meniscus height) was
changed by increasing the melt temperature. The con-
ditions corresponding to curves (e), (f), and (g) are
characterized by major temperature fluctuations and
were found to be most favorable for the formation of
nonrotated striations.

The thermal conditions during crystal growth were
determined by means of fixed thermocouples intro-
duced through a channel drilled in the center of the
seed. At the beginning of crystal growth the thermo-
couple protruded several millimeters into the melt;
as the crystal was pulled the location of the thermo-

Thermocouple Travelling Up
(g)
(f)
o L
‘g o (d)
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g =
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—« lmmje—

——— Distonce
Melt Surface
Fig. 4. Temperature profiles of melt in contact with a water-
cooled seed. The height of the crystal-melt interface (meniscus
height) increases from (a) to (g) as a result of increasing the melt
temperature (see text).
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Fig. 5. Temperature fluctuations in the melt near the melt-solid
interface during pulling of an InSb crystal (with aftercooler). In-
serted photograph shows the impurity striations corresponding to
the shown temperature fluctuation.

couple junction gradually approached the crystal-melt
interface and finally was in the grown crystal itself.
Figure 5 shows the results obtained with a water-
cooled seed when the melt temperature was well above
the melting point. Under these conditions the crystal-
melt interface was several millimeters above the sur-
face of the melt, and the grown crystal was of decreas-
ing diameter. Temperature fluctuations as well as in-
tensive striations can readily be observed. A decrease
in the melt temperature brought the location of the
crystal-melt interface closer to the melt surface and
resulted in a crystal of constant diameter (Fig. 6).
Neither temperature fluctuations nor striations are ob-
served in this case. The pertinent facts as revealed
by the temperature measurements are:

1. The temperature gradient in the seed crystal and
the location of the crystal-melt interface (meniscus
height) are primarily responsible for the presence of
temperature fluctuations in the melt.

2. The convectively induced temperature fluctuations
are generally irregular, but may in some instances as-
sume a considerable degree of regularity.

3. Temperature fluctuations are virtually identical
under static and dynamic (growth) conditions.

4. The amplitude and frequency of temperature
fluctuations decreases with a decreasing amount of
melt.

5. In actual crystal growth, a direct correlation
exists between temperature fluctuations and striations.

Origin of striations.—As pointed out above, the for-
mation of impurity striations in nonrotated pulled
crystals is independent of such parameters as ori-
entation, pulling rate fluctuations, or amount and type
of impurity present. Consequently, it is believed that
the formation of striations is not directly related to the
mechanism of crystal growth. Impurity striations form
only when the thermal conditions are such as to lead
to temperature fluctuations at the crystal-melt inter-
face. A direct correlation was unambiguously estab-
lished between temperature fluctuations at the inter-
face and the formation of impurity striations.

Under experimental conditions such as those em-
ployed in the present study, the cause of temperature
fluctuations at the interface is given by the thermal
gradients in the growing crystal which result in con-
vection currents in the melt and affect the immediate
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Fig. 6. Temperature profile of melt during pulling of an InSb
crystal (with aftercooler). Note absence of temperature fluctuations
and also absence of impurity striations in the inserted photograph
(see text).

vicinity of the interface. In the absence of pronounced
thermal gradients, there are no temperature fluctua-
tions at the interface (apparently no convection cur-
rents) and no impurity striations.

Impurity striations have invariantly been observed
in these parts of the crystals where their diameter was
decreasing (Fig. 5). They could not be observed in
the part of the crystal where the diameter was in-
creasing, a condition requiring thermal gradients into
the melt. This observation is thus indicating that ther-
mal fluctuations at the interface, brought about by
convection currents and leading to impurity striations,
are caused by sharp gradients in the direction of the
crystal.

Under the present experimental conditions, the latent
heat of fusion released during solidification apparently
is not sufficient to cause temperature fluctuations at
the interface as speculated earlier (5). If the latent
heat were playing any significant role, then (at vari-
ance with the present results) sharp gradients in the
crystal would enhance its dissipation and, thus, de-
crease its effectiveness in causing thermal fluctuations
leading to striations.

Having established the presence of temperature
fluctuations at the interface, the formation of impurity
striations can be understood readily on the basis of
changes in the microscopic rate of crystal growth

Fig. 7. Remelt line (arrow) and impurity striations in a Se-doped
unrotated InSb crystal. Note sharpness of remelt line as compared
to that of striations. Magnification 5X.
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brought about by such temperature fluctuations (6, 8,
9). The rate of growth (the microscopic rate of growth
is referred to here since the macroscopic rate is deter-
mined by the pulling rate) conforming to the prevail-
ing temperature alters the deviation of the solidifica-
tion process from equilibrium; thus, the amount of
impurity incorporated in the solid is not constant with
time, The increase in amount of impurity in the solid
with increasing rate of growth is a well-established
fact (7).

Temperature fluctuations determined in the present
experiments were as large as 15°C. Others have re-
ported even greater temperature fluctuations during
crystal growth in similar systems. It is conceivable
that the maximum temperature within each fluctuation
does not reach the melting point of the supercooled
solid so that no remelting takes place at any given
time. However, depending on the prevailing convection
current conditions, it is possible that the temperature
at the interface approaches or even exceeds the melt-
ing point, as a flow of melt with bulk melt tempera-
ture passes by the interface (the bulk melt tempera-
ture is maintained above the melting point of the
solid),

When remelting takes place, we believe that the im-
purity striations are more sharply delineated than the
striations commonly formed. Their appearance in fact
is quite similar to that of the demarkation lines formed
when a growing crystal is allowed to remelt for an
instant before proceeding with growth (Fig. 7).

This type of “remelt” striations appears to have a
defect structure associated with it; however, a study on
this aspect is now in progress.

Summary

Impurity striations in nonrotated crystals (at least
under the given experimental conditions) are caused
by temperature fluctuations in the melt. These tem-
perature fluctuations which always increase with in-
creasing meniscus height are due to convective cur-
rents induced by excessive temperature gradients in
the growing crystal. In some instances periodic re-
melting leads to very sharp striations. In general, im-
purity striations are due to pronounced changes in
growth rates and the associated variations of non-
equilibrium distribution coefficients.
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The fact that temperature fluctuations are substan-
tially the same under static and dynamic growth con-
ditions indicates that they are not induced by inter-
mittent growth, as was suggested previously (10, 11).
Our findings throw considerable doubt also on attempts
to explain striations exclusively on the basis of super-
cooling and recovery phenomena (12).

It is quite likely that rotated, pulled crystals under
particular conditions may exhibit rotational striations,
which are caused by a nonsymmetric temperature dis-
tribution in the melt, and also a substructure of non-
rotational striations.
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Bourdon Gauge Determination of Equilibrium
in the ZnSe(s)-1,(g) System

T. O. Sedgwick and B. J. Agule
International Business Machines Corporation, Watson Research Center, Yorktown Heights, New York

ABSTRACT

Bourdon gauge measurements of samples of I;(g) plus ZnSe(s) have been
made in the temperature range 900°-1200°K and over a fourfold range in pres-
sure. The pressure vs. temperature behavior of the system can be described

satisfactorily by the equilibria,

ZnSe(s) 4 I»(g) 2 2Znla(g) + %Sex(g)
Io(g) €22I(g)

The standard enthalpy and entropy of the first reaction between 900°-1200°K
were calculated using the second law with the result; AH® ==23.1 kcal,
AS° = 21.1 e.u. The standard heat of formation, AH °29s1, and entropy, S°a9s, of
ZnSe(s) were found to be 44.2 kcal and 15.4 e.u., respectively.

The compound ZnSe exhibits interesting and poten-
tially useful photoelectric properties typical of the
II-VI compounds. Because of the very high melting
point of this compound, it is advantageous to grow
single crystal material either by evaporation or chemi-
cal transport processes. In designing a transport sys-

tem, it is of considerable value to have accurate ther-
modynamic data for the chemical species in question
to facilitate the proper selection of operating pres-
sures and temperatures. Although there have been
three recent determinations (1-3) of the heat of for-
mation and entropy of ZnSe, the agreement between
these results is not good.
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Fig. 1. Bourdon gauge ond furnace arrangement: A, to pressure
control; B, light pipes; C, flug; D, equalizing chamber; E, M, end
windings; F, nickel pipe; G, quartz furnace; H, morganite heat re-
flector; 1, asymmetric spoon; !, center winding; K, sample chamber;
L, thermocouple well.

In the present investigation the automated Bourdon
gauge described by Hochberg (4) and Sedgwick (5)
was used to determine the equilibrium between ZnSe
and the vapor solvent 15, i.e.

ZnSe(s) + Ia(g) 22 Znla(g) + %Ses(g) [1]

It was then possible to calculate the heat of formation
and entropy of ZnSe from the measured data and other
data already available in the literature.

Experimental

Apparatus and measuring procedure—The quartz
Bourdon gauge and furnace arrangement are shown
in Fig. 1. The automatic pressure control system used
to maintain equal pressure in the sample and meas-
uring chambers has been described previously (4, 5).
The measuring manometer, a Wallace and Tiernan
Model FA129 dial gauge, was calibrated with a large
bore Hg manometer. Both the pressure control and ac-
curacy of measurement are within + 0.4 mm Hg.

Before making any measurements, the Bourdon
gauge assembly was thermally cycled several times
over the temperature range of interest to stress relieve
the sensitive spoon element. The particular gauge
used in this study showed no significant variation of
zero point with temperature.

The pressure of three samples of Io(g) plus ZnSe(s)
was measured as a function of temperature over sev-
eral cycles of increasing and decreasing temperature.
The pressure was allowed to equilibrate at each tem-
perature which required from one half hour up to
several hours before taking the data. The reproduci-
bility of the pressure readings at a given temperature
and the variation of zero point during a run was within
+ 1-2 mm Hg.

The temperature was measured with Pt-Pt 10% Rh
thermocouples. One thermocouple was placed in a
well at the bottom of the sample chamber near the
ZnSe, and a second was placed in a well at the top
of the sample chamber near the spoon. The tempera-
ture in the furnace was adjusted so that the top of the
Bourdon gauge was 2°-10°C higher than the bottom
(position of ZnSe) in order to avoid condensation of
solids on the spoon. The temperature was controlled by
a power proportioning controller to within 1°C.
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Chemical purity and sample preparation.—High-
purity crystals of ZnSe were supplied as a courtesy
by Dr. M. Aven of the G. E. Research Laboratories,
Schenectady, New York. They were grown by the
vapor phase growth method from ZnSe powder synthe-
sized by direct reaction between Zn and Se. They were
then purified by firing in liquid Zn and etched with
HCI and NaOH. The resulting crystals contained the
following concentrations of impurities: S, Te = 10
ppm; Cd, Mg, Si = 3 ppm; Fe, Al, Co, Cu = 1 ppm. In
each run a predetermined weight consisting of several
small crystal fragments of ZnSe was charged to the
sample chamber which was evacuated and then heated
slowly to 700°C, held for 10 min at 700° (ZnSe sub-
limes slowly at 700°C), cooled, and finally sealed off.

High-purity moisture-free iodine was prepared by
the method of Washington and Naldrett (6). In this
procedure PdIl» was precipitated from solution by
adding an excess of PdCl, in dilute HCI to a 0.5M Nal
solution. The Pdl; was dried and degassed under vac-
uum at 250°C and finally decomposed to Pd and I at
350°C. The free iodine was transferred in an all-glass
apparatus to the sample chamber.

Results

Figure 2 shows the pressure vs. temperature data for
three samples of ZnSe(s) plus I5(g). The initial linear
portions of the curves up to ca. 600°K are interpreted
as the ideal gas pressure increase of Is(g) at constant
volume. The absence of any measurable chemical re-
action in this region is implied by the linearity of the
curves. The initial slope and the calculated number of
moles of I in the sample chamber (estimated volume
16 cc) are compared with the moles of ZnSe used in
each sample in Table I.

The rapid rise of pressure above ca. 750°K indicates
reaction is taking place. The highest pressure points
appear to be approaching a constant slope indicated by
the short solid lines in Fig. 2. Unfortunately, it was not
possible to exceed 1200°K without causing permanent
distorticns to occur in the thin walled quartz Bourdon
spoon.

1t should be noted that in all three samples the pres-
sure curves increase smoothly with temperature and
exhibit no “break points” (discontinuous dP/dT) in-
dicative of the disappearance of solid phases. The pres-
sure measurements of Nitsche and Richman (7) on the
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Fig. 2. Pressure vs. temperature data for three samples of
ZnSe(s) plus la(g) at constant volume: @, temperature increasing;
X, temperature decreasing.
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Table 1. Quantities of ZnSe and |2 used in Bourdon gauge runs

Sample Moles Moles
No. P/T, mm Hg/°C In x 108 ZnSe x 108
1 0.3921 = 0.0007 (10) 0.101 0.25
2 0.2515 =* 0.0001 (8) 0.065 0.19
3 0.1129 =+ 0.0003 (10) 0.029 0.086

Numbers in parenthesis indicate the number of data points aver-
aged.

system CdS-I,, for example, clearly exhibit abrupt de-
creases of dP/dT as solid phases of S and Cdl, dis-
appear with increasing temperature. Consequently, we
will assume that no solid phases other than ZnSe(s)
were present in our experiments.!

Equilibrium model—An examination of the litera-
ture (8,9) indicated that the major molecular and
atomic species to be expected in the gas phase in the
measured P-T range were I>(g), 1(g), Znlx(g), Sex(g).
(The presence of selenium vapor species other than Se;
will be discussed later.) The equilibria between these
species and ZnSe(s) may be written as follows

ZnSe(s) + Ix(g) 22 Znly(g) + %Sez(g) [1]
I (g) = 2I(g) [2]

In both equilibria Io(g) predominates at low tempera-
tures. At higher temperatures both equilibria shift to
the right, and since even rough estimates indicate that
the Gibbs free energy, AF° for Eq. [1] is considerably
smaller than AFo for Eq. [2] at high temperatures, it
is expected that ZnI2(g) and Se;(g) will exist in much
greater concentrations than I(g) in the pressure range
(200-700 mm Hg total pressure) under consideration
here.

This model is qualitatively confirmed by the data
since the P-T curve at high temperatures approaches a
linear function with a slope 1% times (see solid lines
in Fig. 2) the slope of the low-temperature linear
region. In order to test this model quantitatively as
well as to obtain the thermodynamic constants for
Eq. [1], the equilibrium constant Kp;, has been cal-
culated over a range of temperature and pressure.

1/2
Kp; — — 220tz Pses [3]
P12

In order to calculate the partial pressures in Eq. [3],
we note that the total pressure, Pr, is the sum of par-
tial pressures, i.e.,

Pr = D13 + P1 + Pzare + Pses [4]

and since the quantity of iodine is constant in the gas
phase

v

NiR

where V is the volume of the sample chamber, and N
is the total number of moles of iodine atoms in the
gas phase. Below 600°K I»(g) predominates and the
terms pr and pzn), in Eq. [5] are negligible. Therefore,
the quantity NiR/2V is equal to the values of P/T
tabulated in Table I for each sample.

From the stoichiometry of Eq. [1] and the presumed
(see Discussion) stoichiometry of the ZnSe crystal it
follows that

X T = 2p1p + P1 + 2Pznrp [5]

Dznlz = 2Pses [6]

Finally, we note that the thermodynamic properties
of the iodine dissociation are accurately known (10).

11t is possible that there was a very small amount of a second
solid phase (ZnIzSe) formed in the region 600°-750°K. If this were
the case, the apparent reaction rate was either extremely slow
and/or the extent of reaction was very limited since the total pres-
sure did not drop below the extrapolated I:(g) pressure line, Since
our quantitative analysis is based on data taken only at much
;ug{lher temperatures, we did not consider this temperature region
urther.
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Equations [4]-[7] comprise a set of four independent
equations in four unknown partial pressures which
when solved simultaneously yield

Kpo \/‘kmz ( 3NRT )
= + — Kp | 2P ———— ) [8]
o - 16 P\ *T 2V

log Kyy = log + 5.481 [7]

NIR PpI
T — Dy e 9
oV X Pi2 2 [9]

DPznig =

The partial pressures pse; and pr, are then readily ob-
tained from Eq. [6] and [7].

A plot of the calculated log Ky, vs. 1/T for the
three samples is shown in Fig. 3. The linear dependence
of log K, on 1/T and the lack of dependence of K;, on
pressure is reasonable confirmation that Eq. [1] and
[2] constitute a satisfactory model for the equilibria.
The standard enthalpy, AH° and entropy AS°, of reac-
tion were obtained by the second law treatment using
the relation

log K. AHP ase [10]
8 B 2303RT | 2303R

where AH° and AS° are assumed independent of tem-
perature. The best least square fit of Eq. [10] to the
calculated results yields

AH%g00°k = + 23.1 = 1 kcal

AS%900°k = + 21.1 +1eu.

Discussion

Although the assumptions made in the above calcu-
lation appear straightforward, it is desirable to discuss
several of them in somewhat greater detail. In order
to insure the validity of Eq. [4]-[6], we have used a
relatively small amount (see Table I) of ZnSe of the
highest purity. Therefore, any errors in Eq. [4] and
[6] caused by volatilization of an impurity or in Eq.
[6] caused by a deviation from stoichiometry of the
ZnSe (which is assumed to be less than 10—2%) are
negligible. Similarly the conservation of iodine in the
vapor phase, Eq. [5], is valid if we assume that the
solubility of I in ZnSe does not greatly exceed the
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Table Il. Heat capacity (Cp) and entropy data
Cp=a+ b1l03 T
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Table 1V. Summary of experimental determinations of
AH®9985, 5°29s for ZnSe

Specie a b Ref. S°208 Ref.
ZnTa(g) 13.82 1.45 (15) 71.71 (18
L(g) 8.94 0.14 (16) 62.28 {8)
Seal(g) 8.73 0.32 amn 80.2 (8)
ZnSe(s) 11.99 1.38 3 -— -
Table 1ll. Data for the calculation of heat of formation of

ZnSe, AH°298f

Reaction AH® 203 Ref.
Znla(g) + YaSez(g) = ZnSe(s) + Ia(g) —25.0 kcal this work
Znl,(s) 2 Znl:(g) 28.6 (19)
Zn(s) + 2I(s) = Znly(s) —50.0 (20)
Iz(g) = 2I(s) —14.9 (8)
Se(s) 2 ¥aSex(g) 17.06 (8)
Se(s) + Zn(s) 2 ZnSe(s) —44.2 kcal

solubility of Iz in CdS which was reported by Nitsche,
Bolsterli, and Lichtensteiger (11) to be ca. 102
mole %.

The assumption that Seg is the only selenium con-
taining gas phase species is not strictly valid below
ca. 900°K since at least some Seg is formed. By using
the data of Stull and Sinke (8) for the equilibrium

3Sez(g) =2 Ses(g)

we have excluded any point from Fig. 3 for which the
ratio pseg/Psez exceeds more than a few per cent. A
more important source of error may be the presence of
Sey 2 (or possibly some other species of selenium). In
lieu of any quantitative information on Se, concentra-
tions, we have neglected it in the above calculations
and expect that in any case it would be negligible at
somewhat higher temperatures. The satisfactory fit of
the data to the model further indicates that neglecting
Ses does not give rise to a large error.

Comparison with literature wvalues—In order to
make a direct comparison of our results with those of
other investigators, it was first necessary to calculate
the heat of formation, AH%gg¢, and entropy, S°gs, of
ZnSe. The heat and entropy of reaction at 298°K may
be calculated from our measured data and the data in
Table IT using the usual formulas.

298
AHC93 = AH 1000 + f AC,dT = 23.1 4+ 1.9 = 25.0 kcal
1000

298 ACP
AS%98 == ASP1900 + ——dT =211 + 3.2 = 243 e,
1000

The entropy of ZnSe at 298°K is calculated from the
entropy of Eq. [1] at 298°K, AS%gs, and the data in
Table II.

Soznse(s) = S°u1(g) + ¥ SOsep(g)
— 8o, (g) — AS%gg = 15.4 e.u.

The standard heat of formation of ZnSe is calculated
directly from Iliterature data and the measured en-
thalpy, AH%gg, in Table III.

We finally compare our results in Table IV with the
results of previous investigations as tabulated by Gold-
finger and Jeunehomme (3).

The agreement of our data with that of Wdsten and
Geers is probably within our combined experimental
errors.

Conclusion

The heat of formation, AHO%gg, and entropy S°gs for
ZnSe have been determined indirectly by measuring

2 Extensive investigations of the composition of sulfur vapor by
Braune, Peter, and Neveling (12) using a Bourdon gauge, and by
Berkowitz and Chupka (13) using a mass spectrograph reveal the
presence of all even-numbered polymers up through Ss, Mass spec-
trographic studies (14) of Se vapor reveal a qualitatively similar
distribution of species. The similarity between the thermodynamic
properties of the sulfur species and the known Se species, i.e.,
Ses;, Ses suggests that Ses may be present in our experiments in
somewhat greater concentrations than Seq as cailculated above.

—AH®s ¢ S°208 Method Investigator
34 Rossini
52 7 Knudsen recalc. 2nd law Korneeva
47 16.6 Transport 2nd law Wosten and Geers
39.3 19.8 Knudsen 2nd law Goldfinger and
Jeunehomme
44.2 15.4 Total pressure 2nd law This paper

the equilibrium between ZnSe and I:(g). The resulting
data are in agreement with the known experimental
result (11) that ZnSe may be-vapor grown via the
iodine disproportionation reaction using a hot to cold
process. The relatively slow rates at which the pres-
sure equilibrated in the Bourdon gauge between 800°-
900°K indicate that seed temperatures in a vapor
growth process should not be too low for optimum
growth rates.
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Solution Regrowth of Planar InSb Laser Structures

I. Melngailis and A. R. Calawa

Lincoln Laboratory,! Massachusetts Institute of Technology, Lexington, Massachusetts

ABSTRACT

A new technique has been developed for growing a thin layer of InSb on
an InSb substrate from a saturated In-InSb melt. This type of growth from a
solution has been used previously in the fabrication of GaAs and Ge p-n
junctions; however, at the lower temperatures required for InSb (about 300°C)
certain modifications were made, such as the use of hot liquid stearic acid
which covers the InSb substrate and the In-InSb melt during the growth
process. By doping the melt suitably, uniform planar InSb n*-p junctions
were grown on substrate areas of about 2 cm2 Such InSb junctions have been
used in large-volume injection lasers which emit coherent light in a direction

normal to the junction plane.

The growth of thin crystal layers from a melt was
first used by Nelson (1) as a technique of producing
remarkably flat and abrupt p-n junctions for Ge tun-
nel diodes and GaAs junction lasers. In the case of
InSb, this process is of particular interest for growing
an n-type layer on a p-type substrate because of the
difficulty of producing such layers by diffusion. The
gliffusion of the n-type impurities such as Se, Te, or S
is impractical because these elements tend to form
glasslike compounds on the substrate surface, and
their diffusion coefficients in InSb are small at tem-
peratures below the melting point of InSb (525°C).
By the solution regrowth technique an n-type layer

1 Operated with support from the United States Air Force.

Fig. 1a. Apparatus for solution regrowth showing mount for the
boron nitride boat.

Fig. 1b. Inside view of the boron nitride boat

58

can be grown easily on a p-type substrate by simply
adding an n-type dopant, such as Te, to the melt.

Method and Results

As shown in Fig. la and 1b the apparatus consists
of a boron-nitride container which is heated from the
bottom by passing current through a graphite heater
strip and which can be tilted at various times during
a run. The InSb substrate is placed on one side of the
boat, while the opposite side contains In and a suffi-
cient amount of InSb to produce a nearly saturated
In-InSb solution at the maximum temperature of
about 300°C. When growing n-type layers a small
amount of Te is added to the solution. The melt and
the substrate are kept apart during the first part of
the run by a small ridge in the bottom of the boat.
Molten stearic acid is then poured into the boat to
cover the substrate and the melt. The purpose of the
stearic acid is to keep the surface of the substrate and
of the melt clean and to insure uniform wetting of the
substrate surface by the melt. The boat is then heated
by the graphite heater strip. At a temperature of about
300°C the boat is tilted so that the melt flows over the
substrate, and the current in the heater is reduced im-
mediately to begin cooling the boat. At the time when
the melt first makes contact with the substrate the
melt is not quite saturated with InSb, and a thin layer
of the substrate surface goes into solution. This re-
moves any surface damage. As the temperature is
lowered InSb is forced out of the solution and grows
in a uniform layer on top of the substrate. At about
200°-250°C the boat is tilted back and the remaining
solution is wiped off the substrate. The stearic acid is
then poured off before it solidifies. The grown surface
generally has a clean mirrorlike appearance and the
growth is quite uniform across the substrate. Figures
2a and 2b show the profile of a growth junction de-
lineated by etching a cleaved (110) surface. All of
our solution regrowths were done on a (100) crystal

Fig. 2a. Profile of 120x thick n* layer grown on the (100) face
of a p-type InSb substrate. The junction indicated by an arrow has
been delineated by etching a cleaved (110) face.
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Fig. 2b. A further magnification of the profile in Fig. 2a
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Fig. 3. Temperature dependence of the fractional weight of InSb
required to produce a saturated solution, after Hall (4).

face to enable cleaving perpendicular to the junction
plane.

The weights of the various ingredients of the melt
used in growing a heavily doped n+ region on a p-type
substrate area of 12 x 12 mm were 4.0g of In, 0.6g of
n-type InSb, and 4.0 mg of Te. The weight of the Te
dopant in this case was chosen so as to produce the
highest possible doping in the n* layer (8 x 1018 ¢cm—3)
(2, 3). The ratio of the InSb weight to the weight of
In in the melt was chosen from published solubility
data (4). Figure 3 is the temperature variation of the
fractional weight of InSb required to produce a satu-
rated solution.

A typical heating cycle is shown in Fig. 4. The melt
is poured over the substrate by tilting the boat at the
maximum temperature of 315°C in this case. At about
225°C the melt is wiped off. Although most of our
runs were similar to this one, the times and temper-
atures involved do not appear to be critical.

Discussion

The main innovation of our solution regrowth tech-
nique is the use of stearic acid, which facilitates grow-
ing at the low temperatures required for InSb. The
use of a liquid instead of a gas atmosphere also greatly
simplifies the apparatus and the process and permits
visual observation during the process. Although the use
of stearic acid is limited to temperatures not higher
than 350°C, at which point it boils away too rapidly,
other liquids such as boric oxide could be used for
crystals which require higher growth temperatures
than InShb.
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Fig. 4. Temperature cycle of a typical solution regrowth

Fig. 5. Large volume InSb injection laser designed for coherent
emission normal to the plane of the junction.

One of the applications of this method was in the
fabrication of InSb injection lasers in which the light
is emitted in a direction normal to the plane of the
junction (5). Such a structure is shown in Fig. 5. The
nt layer was grown on high resistivity p-type InSb
by the above technique, and the p* layer in this case
was made by Zn diffusion. In these diodes the lifetimes
of injected carriers are sufficiently long (10~7 to 106
sec) and the mobilities are sufficiently high to permit
population inversion across the entire region between
the contacts. The radiation which is thus generated in
the active region has to pass through the doped p+*
and n* layers; hence, these have to be of a good
quality crystal which is transparent to the radiation.
Solution regrowth proved to be the only satisfactory
technique for making good nt* layers.
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The Electrodeposition of Coherent Deposits of Refractory Metals

1. Zirconium

G. W. Mellors and S. Senderoff

Parma Research Laboratory, Union Carbide Corporation, Parma, Ohio

ABSTRACT

Exploratory experiments in chloride, bromide, and mixed chloride-fluoride
melts always produced dendritic zirconium deposits. Pure fluoride systems
consisting of ZrF; dissolved in alkali fluoride solvents produced coherent
deposits of metal, some as thick as 0.1 in. with no indication of reaching a
thickness limit, on electrolysis at 750°C and 30 ma/cm?2 cathode current density.
Analysis and material balance experiments showed that reduced compounds
were absent in these fluoride systems. Chronopotentiometric measurements in-
dicate that the zirconium is deposited from the tetravalent state in a single
four-electron step which would appear to be irreversible. The addition of
KBF,, K.TiFs, and Al;O; to a working zirconium bath results in the deposition
in coherent form of the compound ZrB:; and the alloys Zr-Ti and Zr-Al. The
ZrB; plate was 11 mils thick and showed no evidence of reaching an upper
limit of thickness, while both alloys were smooth and fine-grained in nature,
the Zr-Al deposit showing a particularly interesting rhythmic banded struc-

ture.

Earlier papers in this series have described the elec-
trolysis of fused fluorides to produce columbium and
the mechanism for the electrodeposition of tantalum.
In this paper the deposition of coherent deposits of
zirconium and the mechanism and electrode reactions
to form such deposits will be discussed.

A considerable amount of work has been reported
on the electrolysis of zirconium-containing molten
salts to yield the metal. Efforts to-obtain the metal by
electrolysis of aqueous or organic solutions have al-
ways ended in failure.

Troost (1) electrolyzed molten sodium and potas-
sium fluozirconates, while later Wedekind (2) and
Marden and Rich (3) obtained amorphous zirconium
powder by this method. Driggs and Lilliendahl (4, 5)
obtained zirconium by the electrolysis of molten baths
of sodium and potassium chlorides containing potas-
sium fluozirconate. Plotinkov and Kirichenko (6) elec-
trolyzed a melt containing aluminum and potassium
chlorides, sodium fluoride, and zirconium tetrachloride,
held at 300°~500°C in a porcelain cell. The cathode was
copper and the anode aluminum or graphite. Variations
of the method were reported using molten sodium
chloride, potassium chloride and potassium fluozir-
conate mixtures (7). Steinberg, Sibert, and Wainer
intensively studied the above method and obtained
zirconium of 99.8-99.99;, purity with carbon content
0.05%, oxygen 0.05%, and nitrogen 0.003% (8, 9).

The above work was concerned with electrowinning
the metal and always resulted in cathodig deposits that
were in powder or crystal form. To compact the metal,
expensive procedures such as vacuum fusion or elec-
tron beam melting are necessary; the compacted mate-
rial may then be rolled into sheets or fabricated into
other desired forms. In view of the above, it would be
extremely valuable to be able to deposit coherent metal
from an electrolytic bath, thus circumventing the
aforementioned procedures.

Deposition of coherent plates of pure zirconium has
undoubtedly been attempted, but no successful proc-
ess has been reported. One may note in passing that,
although pure refractory metals cannot be deposited
from aqueous systems, coherent alloy plates with Fe,
Ni, and Co are obtainable. In these processes the re-
fractory metal content (W or Mo) is always less than
30% and usually less than 20%.

In the prior literature there are very few substan-
tiated instances of the deposition of coherent refrac-
tory metals by the electrolysis of molten salts. In the
case of molybdenum the deposition of coherent metal
was reported in a series of papers by Senderoff and
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Brenner (10). The anode was a pure molybdenum
sheet, and the electrolyte, which consisted of potas-
sium hexachloromolybdate (III) (K3MoClg) dissolved
in KC1-LiCl eutectic, was contained in an ATJ graph-
ite crucible under an atmosphere of purified argon.

Davis et al. (11) deposited coherent layers of pure
tungsten from fused salt baths containing borates and
tungstic oxide. Schlain and co-workers (12) working
in similar systems developed and improved the per-
formance of the baths. Stetson (13) described the dep-
osition of coherent titanium, although in his work there
were limitations on substrate material, and indeed in
this work and the work on tungsten there appeared to
be limits on the ultimate thickness of deposits.

In the electrorefining of Hf metal through NaCl-
HfCL, electrolyte, Baker (14) obtained a thick (=~ 1
in.) coherent plate of the metal. However, this ap-
peared to have been a purely fortuitous situation since
it was not reproducible, repetition under supposedly
identical circumstances yielding a dendritic deposit.

The deposition of columbium (15, 16) and tantalum
(17) by the electrolysis of pure fluoride melts has
been described by the present authors, and a general
method for deposition of a group of refractory metals
has been disclosed in the patent literature (18). How-
ever, concurrent with this work exploratory experi-
ments were performed in fused chloride and bromide
systems as described below.

Experimental

Materials—ZrCls was purchased from Stauffer
Chemical Company in crude form. The material, which
was pale yellow, was resublimed under argon-10%
hydrogen atmosphere. The function of the hydrogen
was to reduce FeCl; to FeCly;, the latter being in-
volatile. Pure ZrCly was collected as a snow-white
powder in a cooled receiver.

ZrBry; was made by the interaction of heated Zr
metal (450°C) and a stream of bromine gas diluted
with argon. The product was sublimed into a collec-
tion vessel where it was sealed off and removed from
the system.

ZrF, and KyZrFg were obtained from General Chem-
ical Division, Allied Chemical and Dye Corporation.
The ZrF; was used as-received, but the fluozirconate
was purified by recrystallization from water.

Zirconium in sheet and rod form was obtained from
Reactive Metals, Inc.

Alkali chlorides, bromides and fluorides (ACS spec-
ification) were obtained from Harshaw Chemical Com-
pany.
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Fig. 1. Apparatus used in electrolysis of fluoride melts: A, stain-
less steel cathode; B, Teflon stopper; C, argon outlets; D, argon
inlets; E, stainless steel lid; F, Teflon or Sauereisen gasket; G,
“Hastelloy X” can; H, zirconium anode; J, fluoride melt; K, nickel
or stainless crucible; L, thermocouple and well; M, gate valve
(1 in.).

Argon was purified by passage through either Ti
chips at 900°C or Cu turnings at 700°C.

Boron tribromide and boron trioxide were obtained
from American Potash and Chemical Corporation.

Electrolytic cells.—The apparatus used is shown in
Fig. 1 and has been fully described in an earlier pub-
lication (15).

Results

Chloride melts.—A series of exploratory experiments
with melts of the series KCI1-LiCl-ZrCl, and KCl-
NaCl-ZrCly confirmed that, after extended periods of
electrolysis, the melts contained highly colored sub-
halides and that only dendrites could be deposited un-
der all conditions of temperature, concentration, and
cathode current density. In most cases, the dendrites
overlay an initial layer of metal about 1 mil in thick-
ness, and this coherent layer is in all probability a
diffusion alloy with the material of the substrate. This
work will not be discussed further in this paper since
it confirms the results of earlier workers (8).

Bromide systems.—Experiments in this system were
conducted in the NaBr-KBr eutectic mp 644°C (19)
to which about 5 w/o (weight per cent) ZrBrys was
added. The phase diagram of NaBr-KBr-ZrBr, is un-
known, but by analogy with the NaCl-KCl1-ZrCl, dia-
gram a low melting eutectic rich in ZrBry, might be
expected around 70-80% ZrBrs and 200°-250°C. Ac-
cordingly the temperature was held at 250°C for sev-
eral hours and then slowly raised to the operating tem-
perature,

The initial purification was performed at 800°C and
200 ma/cm? cathode current demsity (C.C.D.) with
approximately 0.2v across the cell. However, polariza-
tion soon developed, the cell voltage rising to 6v, 5.8v
of which was found to be potential drop at the anode.
Simultaneously the current decreased but could be
restored by tapping the anode. This suggests the pres-
ence of some insoluble film on the anode. No cathodic
deposits were obtained, indicating that the species
responsible for deposition was absent from the melt
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or present in insufficient concentration. The experi-
ment was rerun at 950°C (to increase the solubility of
such species) and 500 ma/cm2, The polarization was to
some extent overcome and a thin compacted powder
deposit obtained, but on repetition of the experiment
the polarization returned in more acute form. Under
varying experimental conditions it proved impossible
to extract clean dendritic Zr from this melt. A sample
was taken from the liquid by means of a “Vycor” tube,
and it was found that some crunchy, pulverizable solid
was present in the crucible, thus lending some sup-
port to the idea of lower halide insolubility.

The bromide solutions on freezing were deep blue-
black in color and reacted vigorously with water and
dilute acid yielding impure hydrogen. An analysis
showed the presence of 0.52% Zr and 69.0% Br and a
reducing power of 0.988 milli-equiv/g corresponding
to a mean Zr valence of 3.

Mixed chloride-fluoride melts—In some of the pre-
liminary work it was noted that a bath consisting of an
alkali halide eutectic (e.g., KC1-LiCl or NaCl-KCl)
together with potassium fluozirconate (K3ZrFg or
2 KF - ZrF4) required far less “pre-electrolysis” to
bring it to the required condition for the deposition
of clean dendritic zirconium powders than did the all-
chloride bath. Potassium fluozirconate may be purified
very easily by recrystallization from water and sub-
sequent drying. However, as in the pure chloride melt
electrolysis, even at low temperatures and C.C.D.’s,
this solution yielded dendritic powders plus the un-
derlying 1 mil of coherent plate as reported previously
9).

On cooling, the NaCl-KC1-KsZrFg mixture was found
to consist of two layers, the upper being very pale
bluish-white and the lower black in color. The lighter
material is inert with respect to water and dilute min-
eral acid, while the black material reacts vigorously,
finally depositing a black powder, which again (v.i.)
is probably zirconium metal formed by the dispropor-
tionation during cooling of a subfluoride.

In contradistinction to the fluoride systems, it should
be noted that subhalides were always observed in the
chloride, bromide, and mixed chloride fluoride systems.
As will be seen below, an important feature of the pure
fluoride systems is the complete absence of reduced
species.

Fluoride systems—Because of the encouraging re-
sults obtained with KsZrFg, notably the ease of handl-
ing and involatility of ZrFy (sublimation point 910°C
approximately) systems consisting of KF-LiF-ZrF,
(KF-LiF-K3ZrFs) and LiF-NaF-KF-ZrFy were pre-
pared. The melting point of the KF-LiF eutectic is
492°C and that of the ternary eutectic 454°C.

The ternary eutectic LiF-KF-NaF (Flinak) was used
because of its very low melting point (454°C) (20).
It had been hoped to deposit zirconium at temper-
atures in the 500°-600°C range, but this proved im-
possible, no deposit other than semiadherent powders
being produced. It is likely that this occurs because, on
the addition of ZrF; to the LiF-KF-NaF eutectic, a
two-phase or highly viscous system exists up to about
650°C.

The anode was a zirconium sheet rolled in cylindrical
form which fitted flush to the inner wall of the internal
crucible. The cathode, which was a 1/4 or 3/16 in.
diameter molybdenum rod, was centrally mounted.
ZrFy (10 w/o) was dissolved in the ternary eutectic
of NaF-KF-LiF contained in a seamless stainless
steel crucible and some 4 hours of electrolysis
at 750°C and approximately 400 ma/cm2 C.C.D. was
sufficient to bring the melt to a satisfactory operating
condition. Runs were made at various temperatures,
but the most efficient plating conditions were at 750°C
with a C.C.D. of 10-30 ma/cm2. However, further work
showed that plates could be obtained from 675° to
800°C with C.C.D.’s of 5-30 ma/cm?2 Rotation of the
cathode did little to improve the smoothness of the
deposit in this particular instance.
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Fig. 2. Piece of detached Zr plate (X150)*

Spectroscopic analysis of the plates revealed them to
be almost pure Zr metal, only traces (0.01%) of Fe,
Mg, Mn, and Al being detected. A photomicrograph of
the plate is shown in Fig. 2 and demonstrates (a) the
columnar structure of the deposit, and (b) the cleanli-
ness and sharpness of the grain boundaries. The grain
size is very large compared with that of ZrBs and
Zr-Ti deposits discussed below and probably indicates
a deposit equivalent to a well annealed pure metal.

The residual electrolyte had no reducing power and
contained 4.65 w/o Zr (average of two determinations
differing by 0.1%).

An examination of the system KF-LiF-ZrF, was
then made. The KF-LiF eutectic (50-50 M%) has a
melting point of 492°C (21). ZrFy (14 w/o0) was dis-
solved in the molten eutectic and the melt purified
by 24-hr electrolysis at 850°C and 70 ma/cm?2 C.C.D.
The temperature was lowered to 750°C and several
runs carried out between 15 and 30 ma/cm? C.C.D.
Smooth coherent plates of zirconium were obtained
under these conditions.

To study the effects of solvent composition, a NaF-
LiF eutectic (mp 652°C) was prepared and 12 w/o
ZrF, added. The melt was purified by some 35 hr pre-
electrolysis, but under the identical conditions of tem-
perature and current density leading to coherent plates
in the KF-LiF-ZrF,; and KF-LiF-NaF-ZrF; systems,
the deposits produced from NaF-LiF-ZrF; melts
tended to compacted powders although in a few cases
an apparently coherent deposit was produced. Vari-
ation of experimental conditions of temperature and
cathode current densities did not alter this situation
materially. The presence of KF appears to be highly
desirable for the reproducible production of coherent
plates.

Experiments were conducted to assess the possibili-
ties for coherent deposition of Zr from the molten
KF-ZrF; system. Runs were made at the composition
0.88 KF-0.12 ZrF; (28.18 w/0 ZrFy). The lowest work-
ing temperature possible was around 800°C, the lig-
uidus being 775°C (22). Unfortunately the melt be-
came very viscous during the electrolysis, and no
deposits of value were obtained at temperatures be-
tween 800° and 950°C with variations of C.C.D. from
10 to 400 ma/cm?2 It was thought that, if the ZrF,
concentrations were less, the high viscosity problem
would be overcome and the deposition run even at the
higher temperature necessary to liquefy the composi-
tion. But electrolysis of 0.98 KF-0.02 ZrF; (mp 845°C)
failed to produce a coherent deposit even with rota-
tion of the cathode.

In general in the above work it was found that the
cathode current efficiency based on the assumption of
zirconium tetravalency was between 90 and 100%.

Effect of additives on deposition in chloride, chloride-
fluoride, and fluoride baths.—A limited amount of work

* All magnifications before reduction for printing.
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was done to determine the effect of additives on the
electrodeposition of zirconium. In the deposition of
molybdenum (23) it was found that electrolysis at 30
ma/em2 C.C.D. and 600°C under an inert atmosphere
yielded a plate having a columnar structure and free-
dom from voids in the deposit, particularly in the
presence of an addition of 1% by weight of “activated
alumina.” Other addition agents which showed promise
in extending the range of current density and tempera-
ture for satisfactory metal deposition were ferrous
chloride (0.1% by weight) and sodium fluosilicate
(10% by weight) (24). The deposits obtained from
baths containing the latter additive were particularly
sound and could be built up to be as much as 0.02 in.
in thickness without appreciable roughness. Current
densities up to 300 ma/cm?2 could be used, but a tem-
perature of 900°C was required. On the other hand,
the addition of 10% by weight of nickel chloride to the
system yielded bright, smooth Mo-Ni alloy deposits
containing from 1 to 10% Ni when operated at 600°C
and 30 ma/cm2 C.C.D.

Addition of purified ZrO, (1.25 w/o0) to the NaCl-
KCl1-K3ZrF¢ bath was without visible effect on the
electrolytic product. However, additions of SiOs or
Zr0Os-Si0; made it impossible to obtain deposits of Zr
metal at any reasonable temperature or current den-
sity, the effect of the additives leading to the produc-
tion of black slimes. A similar effect was noted for
additions of K;SiFs to the chloride-fluoride baths.

The addition of 3 w/0 K3SiFg to an LiF-KF-K.ZrFg
melt had little effect on the deposit, but when 15 w/o
KoSiFe¢ was added, silicon powder was the main
cathodic product. It may be noted that silicon powders
may be obtained by electrolysis of an LiF-KF-KySiFg
melt, at 850°-900°C and at C.C.D.’s of 300 ma/cm?2.

The addition of 12 w/0 KBF; to an electrolytically
purified LiF-KF-K2ZrF¢ solution resulted in the dep-
osition of coherent coatings of ZrB; which adhered
strongly to the molybdenum cathode. The optimum
conditions for deposition (800°C and 30 ma/cm?2
C.C.D.) differed only slightly from those for depositing
zirconium coatings, but it was noted that the require-
ments for depositing the boride were much less
stringent. Purification requirements were less, the
allowable range of current density and temperature
greater, and the concentration of boron uncritical
above the minimum requirement indicated above.

A ZrB; plate produced from this bath was 11 mils
thick and showed no evidence of nearing an upper
limit of thickness. A photomicrograph of the deposit is
shown in Fig. 3. The deposit consists of dense columnar
grains typical of electrodeposits of sound structure and
mechanical properties. The cleanliness and sharpness
of the grain boundaries attest to the high purity of this
deposit. The major constituents were Zr and B, the
minors (<0.1%) were Mn, Si, and Ca, and in addition
traces of Fe and Ti were detected. An x-ray pattern
showed only lines for ZrB,. By analysis it was found

Fig. 3. Cross section of zirconium diboride coating (X150)
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Fig. 4. Zirconium diboride articles

that the boron content of the solution was 0.85 w/o,
the Zr 14.4 w/o.

Attempts were made to deposit ZrBg from this melt
on graphite rods. Spectroscopic (AGKSP) rods, % in.
OD, were plated at 800°C and 150 ma/cm? with vary-
ing thicknesses of coherent ZrBs. The analyses of the
deposit indicated pure ZrB; as before, but the adher-
ence was poorer than on molybdenum, perhaps owing
to penetration of the substrates by the molten fluorides.
A number of ZrB; plated articles are shown in Fig. 4.

The addition of KBF,; to the purified Flinak-ZrF,
bath also produced coherent plates of ZrB;. However,
when NaBF, was added to NaF-LiF-ZrF; melts it
proved impossible to produce ZrBg plates, only den-
drites and compacted powders being deposited. How-~
ever, the addition of KBF, in sufficiently large amounts
(~50 w/0) to NaF-LiF-ZrF; melts produced ZrB;
plates on electrolysis. The systems NaCl-KC1-ZrCl,-
KBF; or NaCl-KCl1-ZrF4-KBF; would deposit only
ZrB,; powders under similar circumstances.

The addition of recrystallized AlsO; to the purified
LiF-KF-ZrF, or LiF-KF-K.ZrFs melts produces a
Zr-Al alloy in the form of smooth coherent plates. A
cross section of this material is shown in Fig. 5.
Approximately 1% by weight of Al,Os; was added to
obtain this result. The rhythmic-banded structure is
worthy of note.

Presumably the composition of this alloy could be
altered by judicious handling of the relevant variables
(e.g., C.C.D., temperature and concentration of added
alumina).

A few electrolyses were conducted in the system
Flinak-ZrF4-KoTiFg (15 w/0). The anode was a rolled
Zr sheet and the cathode a molybdenum rod. A smooth
Ti-Zr alloy was produced and a cross section of this
deposit is shown in Fig. 6. No further work has been
done with this system, and the composition of the alloy
is unknown. The surface of the plate is at the top of
the picture. It will be noted that a dense columnar
structure of sound metal alloy was produced. No voids
are evident, grain boundary impurities are absent, and
adhesion to the base metal is excellent. The streaks
in Fig. 6 consist of thin regions of very fine-grain ma-
terial which is apparently the same as the rest of the
alloy except for grain size. Further, the metallographic
treatment has brought out the detailed extremely fine-
grain columnar structure, characteristic of a very
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Fig. 6. Zirconium-titanium alloy (X150)

smooth, hard, deposit of high tensile strength. The
variations in structure observed in Fig. 6 undoubtedly
arose from accidental variations in the current den-
sity or other operating variables during the deposi-
tion. The effect of these variables on the structure and
mechanical properties of the deposit requires further
study. The lower criticality of the usual variables in
alloy or compound deposition as compared with pure
metal deposition was noted in the cases of Zr-Al,
Zr-B, and Zr-Ti alloys also.

At this stage it seemed valuable to determine
whether ZrB; might not be made by the addition of
B,O3; to a chloride, etc., melt. A NaCl-KCl-ZrCl,
melt was purified electrolytically until clean Zr den-
drites were produced. About 3% w/o dried B:Og3
(“Trona”) was added and after several electrolyses
long crystalline needles were deposited. These turned
out to be very pure iron containing but a trace of bo-
ron and undoubtedly came from the iron crucible. The
experiment was rerun using an ATJ graphite crucible,
and electrolysis finally resulted in the production of
powdery cathode deposits showing Zr and B as main
constituents. When the B2O; of the bath was exhausted
a further addition of this material was instrumental
in producing further Zr-B powders. Unfortunately the
x-ray pattern, in addition to demonstrating the pres-
ence of ZrB,, showed also 5-10% of ZrO,. This, of
course, is not surprising in view of the oxidic nature of
the melts, and it makes the ZrB; produced much in-
ferior to powders and plates from the fluoride baths
and to powders from the chloride-KBF; bath. It has
proved impossible to produce plates from the chloride-
B20O3 system, a result similar to that found for the
chloride-KBF,4 bath described earlier.

The apparatus in which NaBr-KBr-ZrBr; was elec-
trolyzed in an iron crucible was modified to permit ad-
mission of BBrs to the melt at operating temperature.
BBr; is an orange-red liquid, but by shaking with
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mercury metal the excess bromine responsible for the
color may be removed. BBr3 was boiled under a stream
of purified argon and passed into the melt. No polariza-
tion troubles were encountered and a powder deposit
of ZrB; was obtained at 750°C and 100 ma/cm2 C.C.D.
However, iron in the deposits, presumably entering the
melt from the crucible, caused the termination of this
experiment.

A further series of experiments with NaBr-KBr-
ZrBry melts was run in ATJ graphite crucibles. This
time polarization was absent, though the reason is un-
clear, and clean Zr dendrites were obtained after
some 4 hr electrolytic purification. But even at low
C.C.D. (30 ma/cm2) and low temperature (750°C) co-
herent plates of Zr could not be obtained; the result
was as observed in chloride and chloride-fluoride sys-
tems in that a 1-2 mil coherent plate was present under
a dendritic deposit.

Again by bubbling BBr; into this melt it was pos-
sible to obtain ZrB, powders, but this method is
wasteful of BBr; and inefficient with respect to elec-
tricity used as compared with additions of KBF, to
fluoride melts.

Question of the Valency of Zirconium Species

The only systems from which coherent Zr metal
could be plated were those based on pure fluorides, and
in these systems the following rather interesting phe-
nomena were observed.

Frequently during the operation of zirconium plat-
ing baths the presence of a blue volatile material and
a silver liquid near the argon exit tube of the cells was
noted. At first it was thought that this material was a
subhalide (or perhaps a covalent complex) of zirconi-
um. The presence of this material had been noted under
electrolyzing conditions, but then was found to be
formed if Zr metal, KF and ZrFy, or more simply
Zr + KF, were heated together to about 800°C.

The volatile material was collected and identified
as potassium metal. Therefore, a reaction of the type

Zr + nKF - ZrF, + nK [1]
where n = 1, 2, 3 and possibly 4 had occurred.

The following experiment was performed to deter-
mine the value of n in the above equation. A weighed
amount of pure potassium fluoride was held at 875°C
in a stainless steel crucible under argon atmosphere
and reacted for 30 hr with a weighed zirconium rod
that was withdrawn from the system at the conclusion
of the run and reweighed. At the temperature of opera-
tion the volatile material was evolved and conducted
away from the reactor. The material remaining in the
crucible was analyzed and it was found that; (a) all
the zirconium lost from the weighed rod was now
present in the crucible; (b) the loss of fluorine was
negligible and could probably be accounted for on the
basis of KF volatility; and (¢) the molecular ratio of
potassium lost by volatility to zirconium dissolved
from the rod was 3.9, a close approximation to 4.

From these data it may be concluded that in reac-
tion [1] n = 4 and that fluorides of lower valent zir-
conium do not exist in these melts. If such subfluorides
existed they undoubtedly would have been formed in
preference to ZrF, in the presence of excess Zr metal
and would probably have disproportionated on cooling,
leading to ZrFy and Zr powders. No Zr powders were
found, and a trace of a metal powder found was iden-
tified as Cr, the source of which was probably the
sfcainless steel crucible. Further, even if a lower fluo-
ride had formed and later disproportionated, the ob-
served ratio of K lost to Zr added would not have
been 4, but would have been equal to the valence of the
Zr in the intermediate compound. It may be concluded
that reduced zirconium compounds are not involved
in the metal deposition process. The reduction of KF
by Zr metal proceeds in spite of the positive free en-
ergy change because of the volatility of potassium
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metal and the extremely stable fluozirconate complex
formed between the excess KF and ZrFq.

However, recently the synthesis of both zirconium
di- and trifluoride has been reported (25, 26), but we
have no evidence from the above results and those
obtained from the chronopotentiometric investigations
described below that reduced compounds or complexes
of these materials are involved in the present system.

An experiment identical to the above was run to
obtain cooling curve data on the system formed from
Zr and KF. If the weights of Zr and KF are known,
then it is possible from the known stoichiometry of the
reaction to calculate the composition obtained in the
KF-ZrF, system. In one such experiment, the cal-
culated composition was 5.3 mole ¢, ZrF4 which has a
liquidus at 834° and a solidus at 768°C. Accepted 1lit-
erature values for this composition are 830° and 765°C
(27). This then is added confirmation that the end
product of the Zr-KF reaction is a composition in the
KF-ZrF, system in which [ZrF;]—3 is probably the
dominant Zr-containing species. The latter may be in-
ferred from the fact the K3ZrF; melts congruently at
910°C and precipitates at the liquidus temperature.
Similar conclusions may be drawn from surface ten-
sion (28,29) and spectroscopic (30) measurements in
these systems.

Chronopotentiometric Experiments

The apparatus used in this work has been described
in a previous paper (17) and consists basically of a
constant current pulsing device, an oscilloscope on
which is displayed the resultant potential-time rela-
tionship, and a photographic recording device.

Since the reduction potentials of zirconium and
aluminum are close together, it was thought desirable
to replace the alumina bridge with a similar bridge
constructed of BN. Unfortunately, even after prolonged
soaking in an alkali-fluoride melt the resistance across
a BN bridge was in excess of 105 ohms. In a second
bridge a 0.067 in. (1/16 in.) hole through the bridge
was merely filled with the melt and the resistance was
approximately 70 ohms at 750°C. However, in opera-
tion this bridge proved unsatisfactory, and measure-
ments were made with alumina, zirconia, and magnesia
bridges and in one case measurements were made by
using a platinum wire immersed in the melt as a quasi-
reference.

A typical blank for the alkali-fluoride solvent is
shown in Fig. 7; the it1/2 value being 1 x 10—2 amp
cm~—2 sec!/2 at 750°C, 100 ma/cm? and —1.9v vs. the
Ni/Ni2+ reference electrode.

With a zirconium concentration of 7.23 x 10—35 moles/
cc added as KyZrFg, chronopotentiograms were ob-
tained at 750°C. At 50 to 100 ma/cm2 C.C.D. no well-
defined plateau was obtained. Figure 8 shows one such
chronopotentiogram with the poorly defined plateau
just under —1.5v. When the current density was
raised to 300 ma/ecm?2 and then to 500 ma/cm? and the
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Fig. 7. Typical blank for KF-NaF-LiF solvent at 750°C C. D.
100 ma/cm2,
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Fig. 9. Chronopotentiogram for KF-NaF-LiF-ZrF4. Czy = 2.77 X
10—4 moles/cc; T = 750°C; C.D. = 500 ma/cm2.

concentration also increased, a chronopotentiogram
such as that shown in Fig. 9 was obtained, with E;/4
value of —1.69v. The higher E;/4 value can best be ac-
counted for by the increased IR drop which resulted
from the fivefold increase in current density.

Although potassium is apparently some 0.4 ~ 0.5v
base to zirconium in this system, there is a chemical
reaction between zirconium metal and KF as discussed
earlier, and this occurs because of the volatility of
potassium metal and the complexity of ZrFy produced
with additional KF. Therefore, it is clear that with low
concentrations of Zr in the bath at high temperatures
there will be a corrosion reaction occurring which
would distort the chronopotentiogram. However, if
one increases the rate of Zr production by, for example,
increasing the current density considerably, it is seen
that the plateaus may be resolved (Fig. 9).

It has been suggested by Manning and Mamantov
(31), on the basis of their polarographic measurements
in KF-NaF-LiF-ZrF, at 500°C, that the zirconium re-
duction occurs in a single reversible four-electron step
at —1.4v wvs. the platinum quasi-reference electrode
that they employed.! Since at 750°C we were not able
to interpret our data with certainty except at very high
current density, experiments were conducted at 500°
and 650°C. Also, to eliminate any possible interference
by alumina from the salt bridge, a platinum quasi-
reference of the type mentioned above (31) was em-
ployed. Because of the undefined potential of this elec-
trode, quantitative conclusions cannot be drawn re-
garding Ej,4 values, but the 500° and 650°C results
show a single well-defined plateau (Fig. 10 and 11) at

1The authors have found in the course of the present investiga-
tion that this platinum quasi-reference is within 0.lv of their Ni/
NiF; reference electrode. Since Manning and Mamantov reported
the presence of iron in their solutions it is possible that the plati-

num quasi-referencg is in fact an iron (II)-iron (III) electrode
which would make it approximately 0.1v base to our reference.
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Fig. 10. Chronopotentiogram for KF-NaF-LiF-ZrF4. Czr = 3.83
X 10—5 moles/ce; T = 500°C; C.D. = 100 ma/cm2.
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Fig. 11. Chronopotentiogram for KF-NaF-LiF-ZrF;. Cz, = 3.83
% 10—5 moles/cc; T = 650°C; C.D. = 200 ma/cm?.

all current densities, whereas on returning to 750°C
the ill-defined plateau was obtained.

At lower temperatures and higher zirconium melt
concentrations the tendency for the corrosion of zir-
conium by KF to produce potassium is suppressed to
the extent that the two processes, the deposition of
zirconium and the deposition of alkali metal, are suffi-
ciently resolved to permit observation of the former.

The plot of iv}/2 vs. C for the system is still nonlinear
and does not pass through the origin even at low tem-
perature where a well-defined plateau is obtained.

RT cl/2 _ $1/2

In a reversible system E = E, 4 F log oV
cne may plot E vs. log t and derive n from the slope
of this graph. This was done for 500° and 650°C and
values of n equal to 2.99 at 500°C and varying between
2.6 and about 10 were obtained at 650°C. At 750°C it
proved impossible to draw any plot of a satisfactory
nature. This further confirms that the four-electron
single step reduction of Zr is a highly irreversible
process, but one can only speculate on why this should
be so. Winand (32) reports on the basis of a study of
electrode mechanisms in the electrolysis of NaCl-ZrFy
mixtures that the reduction of zirconium occurs in a
single, irreversible four-electron step in agreement
with our findings in the present study in pure fluoride
systems, but contrary to the polarographic results of
Manning and Mamantov (31) who believed it to be
reversible. In the systems so far examined, viz.,, Nb,
Ta, and Zr, the metal deposition step was always
found to be more or less irreversible.

Conclusions

Several conclusions may be drawn from the results
presented in previous sections:

1. By appropriate procedures zirconium powders and
dendrites may be extracted from any of the baths in-
vestigated;
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2. Electrolysis of fluoride melts, within certain tem-
perature limits and over a specified range of current
densities, results in the deposition of coherent plates
of zirconium;

3. Electrolysis of fluoride melts containing both Zr¥F,
and KBF, leads to the deposition of coherent plates of
ZrB;;

4. By the addition of Al;O3; to fluoride melts and
subsequent electrolysis, plates of Zr-Al alloy may be
obtained;

5. By the addition of KsTiFg to a working zirconium
bath, Ti-Zr alloy plates may be deposited;

6. The valency of the zirconium species involved is
four and it is reduced to metal in a single four-elec-
tron step at —1.4v to the nickel-nickel fluoride refer-
ence electrode. This reduction is apparently irrever-
sible.

Manuscript received Aug. 2, 1965; revised manu-
script received Sept. 27, 1965. This paper was pre-
sented at the San Francisco Meeting, May 9-13, 1965.

~Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1966
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The Electrodeposition of Coherent Deposits of Refractory Metals

IV. The Electrode Reactions in the Deposition of Niobium

S. Senderoff and G. W. Mellors
Parma Research Laboratory, Union Carbide Corporation, Parma, Ohio

ABSTRACT

The mechanism for the electrodeposition of coherent deposits of niobium
from a molten fluoride electrolyte has been studied by means of chrono-
potentiometry and compared with that of tantalum. The reduction of the
pentavalent niobium in solution occurs in three steps: a reversible one-elec-
tron step to the tetravalent state at —0.11v (referred to the Ni/Ni2+ electrode),
a reversible three-electron step to the monovalent state at —0.76v, and finally
an irreversible one-electron reduction to metal at —1.02v. However, the reac-
tion 3NbV - Nb! - 4Nb!V interferes with coherent metal deposition from the
pentavalent solutions, and consequently in order that coherent metal be pro-
duced at high efficiency the mean valence of the bath must be reduced to
approximately four. In these circumstances the chronopotentiogram of a
working bath shows two steps only: a three-electron reduction, Nb*+ 4 3e— —
Nbl+ at —0.76v followed by the metal producing step Nbi* 4 e~ — NbO at
—1.02v. The diffusion coefficient of [NbF7] —2 has been found to be 2.03 x 105
cm? sec— 1 at 750°C and its activation energy for diffusion to be 8.75 kecal/mole.
The Cdiffusion coefficient of the tetravalent species is 5 x 10—5 cm? sec—! at
750°C.

This is one of a series of papers dealing with a gen-
eral process for electrodeposition of coherent deposits
of the metals of groups IV-B, V-B and VI-B from
molten fluorides (1). In the first paper of this series
(2) the process variables for the electrodeposition of

niobium were discussed together with the properties
of the resultant deposits. The second paper discussed
the electrode reactions in the deposition of tantalum
(3) as determined by means of chronopotentiometry.
The third paper (4) discussed the deposition of zir-
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conium, its alloys and compounds, and in this paper
a study of the electrode reactions in niobium deposi-
tion is described.

Experimental

The procedure used for this investigation was es-
sentially that used for the study of tantalum deposition
(3). The solvent electrolyte was the eutectic mixture
of LiF-NaF-KF (46.5-11.5-42 mole %, mp 454°C)
which was purified by melting with NHHF,, sparging
the melt with hydrogen, and electrolyzing between
graphite electrodes as described previously (3). The
purified electrolyte when subjected to chronopoten-
tiometry at 0.100 amp/cm? yielded values of itl/2 below

Fig. 1. Chronopotentiometric cell: A, gas exit line; B, vacuum
gouge; C, vocuum or gas inlet line; D, gas exit bubbler tip; E,
steel flange; F, plexiglas cover disk; G, steel flange; H, water-
cooled stainless steel can; 1, steel flange; J, steel flange; K,
Hastelloy X can.
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Fig. 2.Internal components of chronopotentiometric cell: A, gas
inlet tube; B, salt bridge (alumina); C, nickel crucible for refer-
ence electrode; D, sampling cup (silver-plated nickel); E, addition
cup (silver-plated nickel); F, counter electrode; G, thermowell; H,
indicator electrode; 1, crucible (platinum) for electrolyte under
study; 3, nickel cradle.
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5 x 1073 amp em—2 secl/2 at —1.5v referred to the
Ni/Ni2+ reference electrode. Niobium was added to
this purified solvent as dried KsoNbF; obtained from
Kawecki Chemical Company. NiF; for the reference
electrode was prepared from NiCly as previously and
was added to the purified ternary alkali fluoride eu-
tectic to a concentration of 1 mole % NiF,. Furnace,
circuitry, and porous AlyOj salt bridges were the same
as used in the earlier study as was the cell and its
internal components shown in Fig. 1 and 2. It was
necessary in this study tc use a platinum crucible for
the electrolyte (I, Fig. 2) rather than nickel or molyb-
denum as was done with the tantalum work, because
the latter were slightly attacked by the pentavalent
niobium solutions. No attack on the platinum was ob-
served in pure solutions, and no platinum was de-
tected chronopotentiometrically in the solutions. To
prevent alloying with the platinum crucible by the
nickel cradle which held it, the crucible was placed
in a short alumina cup, which was placed in the nickel
cradle. The sampling and addition cups (D and E, Fig.
2) were plated with silver to prevent attack on them
by the pentavalent niobium solution.

The electrodes used most frequently as indicator
electrodes were 0.005 in. platinum sheet disks, 0.9 cm?2
in area welded to 0.015 in. platinum wire. Counter
electrodes in all cases were platinum strips. Niobium
electrodes could not be used since they were attacked
by the pentavalent niobium solutions. When it was
desired to study a reduced solution it was reduced in
situ by electrolyzing with a platinum cathode and nio-
bium anode. Oxidation in situ was accomplished by
using a spectrographic graphite anode. These “process-
ing” electrodes were then replaced with the normal
indicator and counter electrodes for measurements.
The same reference electrode, Ni/NiF,; (1 mole %),
NaF-KF-LiF eutectic||, was used.

The general procedure for making the measurements
was the same as used for tantalum (3). Chronopoten-
tiograms at various current densities were recorded by
use of a Polaroid camera on a Tektronix 535A oscillo-
scope on a solution of Ky;CbF; in the alkali fluoride
solvent at some concentration and temperature. The
temperature was then changed, and another set of
chronopotentiograms at various current densities were
recorded. When the temperature range from 650° to
800°C was covered, a sample for analysis was taken,
and a new solution was prepared at another concen-
tration for a similar series. In a few cases the valence
of the pentavalent niobium was reduced in situ by
electrolysis at 15 ma/cm?2 with a niobium anode and
platinum cathode, and a similar group of chrono-
potentiograms was run on the solution with the nio-
bium in a mean valence state between 4 and 5. The
total concentration and mean valence state were de-
termined as previously (2).

Results

Chronopotentiograms were run at concentrations of
K>NbF; ranging from 0.025 to 0.08 millimole ¢cm—3 at
current densities between 0.05 and 0.4 amp/cm? and
temperatures from 650° to 800°C. Figure 3 is a typical
chronopotentiogram at 650°C showing two plateaus
with Ej/4 values at —0.77 and —1.05v. The third near
—1.5v is due to aluminum contamination from the Al,O3
salt bridge. When a porous BN salt bridge is used
this disappears, but the BN salt bridge is inconvenient
to use because of its structural weakness. Figure 4 is a
chronopotentiogram on the solvent mixture (KF-LiF-
NaF eutectic) alone showing essentially no reducible
material present until the cathode reaches a potential
of approximately —1.8v, at which potential the alkali
metal of the solvent is reduced. Tables I and II sum-
marize the data obtained at 750°C. The average Ei/4
values for the first and second plateaus are —0.756
+0.015v and —1.02 + 0.03v, respectively, and the tran-
sition time constant for the first plateau is 1.52 + 0.03
amp sec!’2 cm mole—1, The ratio of the transition times
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Fig. 3. Cathodic chronopotentiogram for KyNbF; dissolved in
KF-LiF-NaF eutectic mixture: concentration, 5 X 1075 moles/cm3;
current density, 0.1 amp/cm2; temperature, 650°C.
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Fig. 4. Cathodic chronopotentiogram of solvent (KF-LiF-NaF)
only: current density, 0.1 amp/cm2; temperature, 750°C.
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Fig. 5. Cathodic-anodic chronopotentiograms of KsNbF; dissolved
in Na-F-KF-LiF: cathodic portion on left, anodic on right. Con-
centration, (a) 5.6 X 1075 moles/cm3, (b} 5 X 10—5 moles/cm3;
current densty, (a) 0.1 amp/cm2, (b) 0.05 amp/cmZ; temperature,
(a) 750°C, (b) 650°C.

for the two plateaus is 0.55 = 0.11. The over-all aver-
age values are the averages of the results of five runs
for each of the five concentrations. Each is thus the
average of 25 chronopotentiometric runs. In Fig. 5 are
shown two cathodic-anodic chronopotentiograms. In
Fig. 5A the current was reversed before the first
plateau was completed, and in Fig. 5B it was re-
versed before the second plateau was completed. Both
give a single oxidation step corresponding to the lower
(—0.76v) plateau.
Discussion

The values obtained for E1/, are each approximately
0.25v noble to those found for tantalum (3). This is
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Table I1. Transition time of the second plateau of the
reduction of KaNbF; in Flinak at 750°C

Conc. K:NbF7 irs/2/C

moles em-2 (a) (amp sec!/¢ cm mole-1)
X 108 73/Ts x 10-3

2.5 0.68 * 0.22 1.28

5.0 0.50 * 0.04 1.06

5.6 0.61 = 0.09 0.95

6.1 0.65 *+ 0.06 1.27

8.0 0.32 = 0.09 0.85

Over-all average 0.55 = 0.11

(a)—rs = transition time of second plateau in chronopotentio-

grams corresponding to Fig. 3.

consistent with the fact that in a plating solution con-
taining equal concentrations of niobium and tantalum
a plate is obtained at 35 ma/em?2 which contains 99.8%
niobium. The transition time constant, it1/2/C, for the
first plateau is 50% greater than that for tantalum and
the value of it1/2/C for the second plateau is not con-
stant but varies with concentration, indicating some
degree of irreversibility of the final reduction step as
in the case of tantalum. Let us now consider the details
of each step as disclosed by the data.

Interpretation of the first plateau.—In all the data
presented in Tables I and II the solutions contained
niobium in its pentavalent state. The first wave, there-
fore, must represent the reduction of an ion containing
pentavalent niobium to some lower valence state with
the transfer of less than five electrons.

However, the first wave of the chronopotentiogram
in Fig. 3 actually contains two reduction steps which
were resolved as follows: by raising the temperature
to 750°C and running a chronopotentiogram at the
same current density as in Fig. 3, i.e., 100 ma/cm?2, one
obtains the chronopotentiogram shown in Fig. 6a. A
very small plateau is seen here at about —0.1v. To re-
solve this more clearly, the current density was re-
duced to 30 ma/cm?, and the chronopotentiogram in
Fig. 6b was run. It can be seen from this that the Ej/4
value for this plateau is —0.11v. On electrolytically re-
ducing the solution to a mean valence of 4.2 and run-
ning the chronopotentiogram, Fig. 6¢c is obtained. The
—0.11v plateau has now disappeared and only that at
0.76v is seen. Reoxidizing the bath causes the —0.11v
plateau to reappear as seen in Fig. 6d. It is clear from
this that the —0.11v plateau corresponds to the reduc-
tion of the pentavalent ion and is the first step in the
reduction to metal. For convenience, however, since
the transition time, t;, of the first step is only about
2% that of the second step, T2, (the one at —0.76v)
they will be treated together so that 1 = t1 + 713 in
the following discussion.

If one can establish that this combined step is a
reversible diffusion-controlled process one may ob-
tain ms, the electron number of the second step from

RT 15172 — $1/2

E=E'+ noF In t1/2 (11

Table 1. Chronopotentiometric data for reduction of KaNbF7 in Flinak at 750°C

Conc. (c) fra1/2
KoNbF:, (a) (b) iral/z, ol
moles C.D., amp/em? _(E2)us, volt (Esdas, volt amp secl/? cm-» em mole-1)
cm-3 X 108 Min. Max. Average Average Average X 10-3
2.5 0.030 0.250 0.742 + 0.013 1.03 * 0.01 0.0384 = 0.002 1.55
5.0 0.050 0.250 0.736 = 0.016 1.04 = 0.03 0.0757 % 0.002 1.51
5.6 0.100 0.300 0.764 % 0.010 0.96 +0.04 0.0830 = 0.007 1.48
6.1 0.100 0.250 0.773 == 0.019 — 0.0961 + 0.005 1.57
8.0 0.100 0.400 0.774 = 0.010 1.03 *+0.01 0.121 + 0.004 1.51
Over-all average 0.756 = 0.015 1.02 =+ 0.03 1.52 =+ 0.03

(a)—(Ea)1/4

quarter wave potential of first plateau in chronopotentiograms corresponding to Fig. 3.

(b)—(E3)1/¢ = quarter wave potential of second plateau in chronopotentiograms corresponding o Fig. 3.
(¢)—r, = transition time of first plateau in chronopotentiograms corresponding to Fig. 3.
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Fig. 6. Chronopotentiogram showing effects of current density
and valence state: temperature, 750°C; concentration Nb, 5 X
105 moles/cm3,

a b c d
Current density, ma/cm2 100 30 30 30
Niobium valence 5.0 5 4.20 434

(since 11 << 712) (5) by plotting the potential, E, at
time, t, in a chronopotentiogram such as Fig. 3 against
log tsl/2 — t1/2/t1/2 where 7 is the transition time, or
time corresponding to the length of the plateau in the
chronopotentiogram. A straight line of slope 2.3 RT/noF
results (5). One criterion for a diffusion-controlled
reaction without kinetic complications is that the equa-
tion,

itl/2 = Y% nCD1/2Fgl/2 [2]

where i is the current density, v the transition time, n
the number of electrons in reaction, C the concentration
of the reacting species, D the diffusion coefficient of the
reacting species, and F the Faraday constant, de-
scribes the chronopotentiogram (6). Thus the constant,
it1/2/C should be independent of current density and
concentration and it1/2 plotted against C be linear
and extrapolate to zero at zero concentration. In Table
I it can be seen that it!/2/C is independent of concen-
tration and the data from which this table was pre-
pared confirm its independence of current density. In
Fig. 7 it is seen that the plot of its1/2 vs. C is linear and
passes through the origin. In Fig. 5A one notes the
very small difference in potential between the cathodic
and anodic waves, and it can be shown that this dif-
ference is accounted for by twice the IR drop in the
solution, so that no appreciable polarization is detect-
able. Thus, having demonstrated the reversibility of
the first (combined) wave one may derive ny for the
second step from the plot of E vs. the log term in Eq.
[1]. A typical plot is shown in Fig. 8. Twelve such plots
were made using data from runs over the full range
of current density and concentration, the slopes of each
determined, and ng for each calculated. The average
value thus obtained was 3.05 =+ 0.45. This indicates
that the plateau at —0.76v corresponds to a three-
electron reduction. Another method of determining n
in a stepwise reduction is by examining the ratio of
transition times of the two steps (5). Taking the first
combined wave as one step with a transition time, <,
and the final wave (plateau at —1.02v) with a transi-
tion time, 3, then the n values for each step may be

calculated from
ng
- [3]
L]

T3 (ng )2
—_ = — + 2
Ts T
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Fig. 7. Transition time, current, concentration relationship from
cathodic chronopotentiograms of KaNbF; in NaF-KF-LiF ot 750°C.
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Fig. 8. Potential-time relationship during o chronopotentiometric
run of KoNbF7 in NaF-KF-LiF: Concentration, 6 X 10—5 moles/
cm?; current density, 0.2 amp/cm?2; temperature, 750°C.

where n3 is the electron number of the final step and
ns = ni1 + nag, the total electron number of the first
combined wave. Since in this case the sum of ns; +
ng = 5, both may be calculated. On the basis of Eg.
[3], 13/ts = 1.8 for ng == 2 and ns = 3, and 173/173 =
0.56 for ng = 1 and n; = 4. The value shown in Table
11 for the experimental t3/ts = 0.55 = 0.11 would in-
dicate that ns = 4 and n3 = 1. Since 72 has already
been shown to be 3 by the method shown in Fig. 8,
n1, the unresolved first step, must be unity. It appears
from these calculations, therefore, that the two steps
of the first wave correspond to the reduction of pen-
tavalent to tetravalent niobium at —0.11v and of
tetravalent to monovalent niobium at —0.76v.

From chronopotentiograms run on solutions which
had been reduced electrolytically to give a niobium
of mean valence 4.2, the normal operating valence
state of the plating bath, no evidence was found for
any plateau below that at —0.76v; neither at 100 ma/
cm? nor at 30 ma/cm? at any temperature. A plot of
E vs. log 11/2 — t1/2/t1/2 on the —0.76v plateau for three
such chronopotentiograms gave a value of n = 3.04 &=
0.49 for this reduction step (in these reduced solutions
the first reduction step) thus confirming the results
obtained from the pentavalent solutions. It appears
that the irreversibility of the final step at —1.02v dis-
cussed below does not affect the calculation based on
transition time ratios because the proper coulombic
relationship between the two steps is maintained,
whatever the mechanism of the final step.

Figure 5A shows the cathodic-anodic chronopoten-
tiogram at the —0.76v plateau. It is clear that the
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L R e T B L T e e T sume that it is also a complex fluoniobate. This first
-5 —\\ step may, therefore, be written

0 S a [NbF7]1~2 (1) 4 le—> [NbFz—»p14¥—2~= (1) + zF (D~
~—5SEC where x = 0, 1, or 2. An apparent anomaly exists in
-LOper . the magnitude of t2/7; in that it seems too large. The
-5 I O R e theoretical value of 12/71; for successive reactions with
a ' electron numbers of one followed by three is 15. If
> ot I~ b one measures the value of 11 in Fig. 6b at 30 ma/cm?
and converts it to an equivalent value for 100 ma/cm?

Y T . 2SEC by the equation v = k/i2 (where k is a constant), and
then calculates t2/t1 using the measured value of T2

-5 V. d FIN in Fig. 6a, one obtains a value of 45. The value obtained
0 c by measuring directly the very small t; in Fig. 6a is

L 40, confirming this high value for ta/t1. This probably

Fig. 9. Cathodic-anodic chronopotentiograms showing effect of
current density and valence state: temperature, 750°C; concentra-
tion Nb, 5 X 10—5 moles/cm3.

a b c
Current density, ma/cm? 30 100 30
Niobium valence 5.0 50 434

monovalent product is quite soluble in the melt, the
average value of T/ Tred being 0.54 for 12 such chrono-
potentiograms compared to the theoretical value of
0.33 for a completely soluble reduction product and
1.0 for an insoluble product. This compares with the
reduction intermediate in the case of tantalum which
was found to be only very slightly soluble. Further
the solubility of this product in the case of Nb varies
with the valence of the electrolyte. In Fig. 9a is shown
the cathodic-anodic chronopotentiogram for a solution
at mean valence 5.0 at a current density of 30 ma/cm?2.
In this case no reverse wave at —0.77v is seen at all,
the entire oxidation occurring at —0.1 at which the
Nb5+ to Nb*t+ reduction occurred. On raising the cur-
rent density in the same solution to 100 ma/cm?2 we
see in Fig. 9b an oxidation wave at —0.7v followed by
one at —0.1v. However, if the valence of the electro-
lyte is reduced to 4.2, one can obtain an oxidation wave
at —0.7v even at 30 ma/cm? as seen in Fig. 9c¢c. Ap-
parently the rate of attack of the pentavalent solution
on the monovalent intermediate according to the re-
action Nbl+ 4 3 Nb5+ — 4 Nb4+ is so rapid that at 30
ma/cm? the quantity of Nblt+ remaining at the elec-
trode for the oxidation step is negligible, while at 100
ma/cm? enough remains to be detected in the oxida-
tion step. However, when the bath is reduced to a
mean valence of niobium of 4.2 the monovalent inter-
mediate is essentially unattacked so that the amount
recovered at 30 ma/ecm? roughly corresponds to that of
an ordinary soluble reduction product. The long oxi-
dation step seen in Fig. 9¢ at —0.1v corresponds to the
oxidation of the Nb¢+ in the tetravalent Nb solution.

From this it is apparent that the need to operate a
niobium plating solution in the tetravalent state arises
from the reactivity of the intermediate reduction prod-
uct with pentavalent niobium. This reaction is so rapid
in a pentavalent solution that at low current density
the current efficiency for metal deposition becomes
negligible, while at high enough current density to
overcome this attack only dendritic deposits are ob-
tained, as reported by Cumings and Cattoir (7). It
will be remembered that in the case of tantalum the
intermediate reduction product was only very slightly
soluble in the pentavalent solution and that no soluble
intermediate valence state was observed.

The nature of the initial process—The plateau at
—0.11v shown in Fig. 6 is a one-electron reduction of
an ion containing pentavalent niobium. On the basis
of infrared spectroscopy studies J. S. Fordyce of this
laboratory has demonstrated that the predominant
species present in the pentavalent electrolyte is
[NbF7] —2. This will be reported in a separate pub-
lication. The predominant ionic species present in the
tetravalent solution has not yet been identified, but
since it is soluble and stable it is reasonable to pre-

results from 1 being enlarged with respect to v; by a
catalytic wave resulting from the reaction discussed
above, Nbl1t 4+ 3Nb%t — 4Nb?*, in which additional
Nb4t+ is supplied to the electrode, above the amount
obtained from the first step.

Transport properties—Since